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Previous studies and experimental evidences suggest an important role for endogenous electric 
fields in directing cell migration in wound healing, development and regeneration. In cultures, 
applied direct current electric field (dcEF) influences cell division, polarity, shape and motility. 
Photoreceptors dystrophies are one of the major causes of inherited blindness in the western 
world; application of EF could be used as a cue to direct photoreceptors cells to growth towards 
the damaged tissue. In this study we investigate the effects of dcEF in the establishment of 
photoreceptor cell polarity and polarization of intracellular structures, in order to demonstrate that 
they are regulated by an extracellular electrical cue. Using a well established migration assay, 
photoreceptors cone-like 661W mouse retinal cells were stimulated for 5 h with 5 V/cm electric 
field. Using immunofluorescence techniques we have investigated changes in position of 
important organelles after the stimulation, like Golgi Apparatus (GA) and nucleus, and also 
cytoskeletal proteins, such as the Microtubules Organizing Center (MTOC), actin and 
Microtubules (MT). Furthermore, we investigated changes in plasma and mitochondrial 
membrane potentials using ion reporter dyes in the presence and absence of an applied dcEF. In 
response to the directional stimulus, 661W cells have extended membrane protrusions towards 
cathode; they got elongated perpendicular to the dcEF and have formed a leading edge towards 
the direction of cues. Directional migration has occurred towards cathode. MTOC, GA and actin 
were reoriented in the direction of the leading edge of the cells (cathode), while the MT 
accumulated in the rear edge of the cells (anode) and the nucleus was translocated to the back of 
the cells, also in the rear edge. After dcEF exposure, both plasma and mitochondrial membranes 
were depolarized, especially in the cathode side of the cells. This study extended an 
understanding of the mechanism of the dcEF-directed 661W cell migration, which depends on 
plasma and mitochondrial membrane depolarization and an induced polarization of actin 
cytoskeleton and microtubules with subsequent polarization of nucleus, MTOC and GA. 






Estudos anteriores e evidências experimentais sugerem um papel importante dos campos elétricos 
endógenos no direcionamento da migração celular, no desenvolvimento e na regeneração celular 
e na cicatrização de feridas. Em culturas de células, campos elétricos de corrente contínua 
influenciam a divisão celular, a polaridade, a forma e a mobilidade das células. As distrofias das 
células fotorreceptoras são uma das principais causas de cegueira hereditária no mundo ocidental; 
a aplicação de campo elétrico poderia ser usada como um sinal direcionador para o crescimento 
das células fotorreceptoras na direção do tecido danificado. Neste estudo, investigamos os efeitos 
do campo elétrico no estabelecimento da polaridade celular de fotorreceptores e na polarização de 
estruturas intracelulares, a fim de demonstrar que são regulados por um sinal elétrico externo. 
Utilizando um ensaio de migração bem estabelecido, células fotorreceptoras de retina de 
camundongos do tipo cone, 661W, foram estimuladas durante 5 horas com campo elétrico de 
5 V/cm. Através de técnicas de imunofluorescência, investigamos mudanças na posição de 
organelas importantes após a estimulação, como o núcleo e o complexo de Golgi, e também de 
proteínas do citoesqueleto, como a actina, microtúbulos e o centro organizador dos microtúbulos. 
Além disso, investigamos também alterações no potencial da membrana plasmática e 
mitocondrial utilizando corantes específicos, na presença e ausência de campo elétrico aplicado. 
Em resposta ao estímulo elétrico, as células 661W estenderam protuberâncias de membrana no 
sentido do catodo; elas se alongaram perpendicularmente ao campo elétrico e formaram uma 
borda frontal. Ocorreu migração significativa na direção do catodo. O centro organizador dos 
microtúbulos, o complexo de Golgi e actina foram reorientados na direção da borda frontal das 
células (catodo), enquanto os microtúbulos se acumularam na borda traseira das células (anodo) e 
o núcleo foi translocado também para a borda na parte de trás das células. Após exposição ao 
campo elétrico, os potenciais de membrana, plasmático e mitocondrial, se despolarizaram, 
especialmente no lado do catodo das células. Esse estudo contribuiu para uma melhor 
compreensão dos mecanismos de migração direcional devidos ao campo elétrico das células 
661W, que depende da despolarização das membranas plasmática e mitocondrial e da polarização 
induzida do citoesqueleto de actina e microtúbulos, com subsequente polarização do núcleo, 
MTOC e GA. 
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Cell migration is an integrated process involving lamellipodia extension, formation of new 
adhesions, cell body contraction and tail detachment [McCaig,1986; Magdalena et al., 2003a; Sulik et 
al.,1992]. Cells migrate directionally in response to many extracellular cues including chemical 
gradients, topography, mechanical forces and electric fields. Electric fields (EF) play an essential role 
in many biological processes and have long been suggested to be a candidate directional signal for cell 
migration in development, wound healing and regeneration [Beane et al., 2013; Blackiston et al., 2009; 
Gao et al., 2011; Hotary and Robinson, 1992; Levin, 2007; 2009; McCaig and Zhao, 1997; McCaig et 
al., 2009; Messerli and Graham, 2011; Nuccitelli, 2003a; Özkucur et al., 2011; Robinson and Messerli, 
2003; Song et al., 2002; 2007; Sundelacruz et al., 2009; Zhao et al., 2006; 2009]. During cell 
migration, cells undergo a variety of physiological processes such as membrane domain segregation, 
asymmetric cytoskeleton arrangement, activation of signalling pathways and Ca
2+
 influx and 
appearance of polarized cell morphology. Efficient migration requires coordination in many cellular 
activities, such as directed secretion to new membrane components to the leading edge. The mechanism 
guiding cell migration to electric cues have not been illustrated thoroughly, although asymmetries in 
cytoskeleton molecules, activation of signalling pathways and Ca
2+
 influx have been suggested to have 
a role. Preferred directionality during cell migration, may involve the local activation of various 
charged receptors or ion channels that subsequently contribute to migratory processes at the leading 
edge of the cell. Moreover, as many molecules have a charge on them, it is likely that electrical 
stimulation directly induces the activity of proteins and molecules that participates in ion transport and 
acts as a voltage sensor [Han, et al., 2009; Özkucur et al., 2009]. Even though, the exact mechanism on 
how these fields act on cells is not yet clearly understood, they might act as an extracellular cue during 
cell migration [Forrester et al., 2007; McCaig, 1986, McCaig and Zhao,1997; McCaig et al., 2005; 
Özkucur et al., 2011; Wang and Zhao, 2010]. 
One of the immediate effects felt by a cell upon exposure to an direct current electric field 
(dcEF) is a change in the cell membrane potential (Vm) [Gao et al., 2011]. Cells exposed to a 
surrounding dcEF will experience spatially inhomogeneous depolarization or hyperpolarization along 
the direction of the field [Levin, 2007]. By modulation of membrane potential it is possible to control 
cell proliferation, important for guiding morphogenesis in vitro (tissue engineering) and in vivo 
(regenerative medicine) [Blackiston et al., 2009; Sundelacruz et al., 2009]. One major candidate for Vm 
sensing mechanism is Ca
2+ 
signalling. Cumulative evidences suggest that enhanced directional 
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migration correlates the Ca
2+
 signalling to the redistribution of focal adhesion, actin filaments 
structures and actomyosin contractile system, factors that contribute to cell shape changes and 
movement [Gao et al., 2011; Özkucur et al., 2009; Sundelacruz et al., 2009]. 
Different cell types are known to respond to dcEF with morphological changes and increased 
motility. Cell polarization is important for cell migration; cells undergo changes in the morphology, as 
they polarize internal structures in order to migrate directionally [Cao et al., 2011; Huang et al., 2013]. 
The main processes involved in migration of protrusion, adhesion and retraction are driven directly by 
the actin cytoskeleton. In electrically stimulated cells, the stress fibers became orientated perpendicular 
to the field and a band of actin became associated with the lamellae at the cathode edge at the end of 
the cells. However, polarization usually requires the cooperation of microtubules (MT). Microtubules 
sense points of traction between the actin cytoskeleton and the substrate and deliver signals to 
antagonize adhesion at these sites, in migrating cells. MTs can potentiate retraction in one region of the 
cell and influence protrusion in another, to induce and maintain polarization, through the spatially 
selective targeting of adhesion sites. Also occurs forward migration of the Golgi apparatus (GA) and 
microtubules-organizing center (MTOC), myosin contraction at the rear and nuclear translocation 
toward the displaced MTOC and GA [Onuma and Hui, 1988; Small et al., 2002; Yao et al., 2009]. 
Electrotaxis is thus, a complex process that involves different metabolic and morphological 
components of the cells. Loss of the regulation of the migration machinery can deleteriously manifest 
as disease allowing tissue invasion and metastasis by cancer cells. Understanding the regulation of cell 
migration might open new avenues for therapeutic approaches, for example, to direct the migration or 
induce regeneration of photoreceptor cells towards damaged / degenerated areas [Hale et al., 2011; 
Kaverina and Straube, 2011; Mycielska and Djamgoz, 2004]. 
1.1 HISTORY OF BIOELECTRICITY 
Until the 18
th
 century, the main model of brain function was based on the ideas of René 
Descartes (1596-1650), one of the greatest philosophers of all times. Descartes proposed that nerves 
conducted the stimulus to the brain thanks to a wave of propulsion of the fluid in its hollow interior. 
Pumped full of this fluid, the muscles would expand, leading to contraction. The new paradigm in 
neurophysiology started by a series of simple observations by naturalists regarding “animal electricity”. 
It was known, for example that certain animals, such as the eel and the torpedo (electric ray) were 
capable of giving shocks when touched, which were very similar to the effects of other electrical 
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shocks (given by a charged Leyden jar, for instance). Thus, it was apparent that animals could generate 
electricity in their bodies. The first persons to study bioelectricity were two Italian scientists, Luigi 
Galvani and Alessandro Volta, in the last decade of the 18
th
 century [Folgering and Poolman, 2005; 
Sabbatini, 1998]. 
The Italian anatomist and physician Luigi Galvani (1737-1798) was one of the first to 
investigate experimentally the phenomenon of what came to be named “bioelectrogenesis”. In a series 
of experiments (Figure 1) started around 1780, Galvani prepared frog legs, with their muscles and 
nerves exposed, and connected them to different sources of electricity. The electrical stimuli resulted in 
twitching of the legs. These observations led to a discussion between Galvani and Volta on the nature 
of the stimulus that resulted in the activation of the leg muscles. Galvani thought the stimulation 
showed that a form of what he called “animal electricity” existed. We now understand the “animal 
electricity” as ion-fluxes across cell membranes. However, as the twitching could also be observed 
when a purely physical stimulus was applied, Volta was sure that it was caused by the electricity 
stemming from the touching of two different substances (metal touching tissue). 
Trying to prove that lightning was an electrical spark, Galvani suspended the frog’s legs with 
brass hooks from an electrical railing during a thunderstorm. He noted that the muscles would contract 
not only when lightnings appeared, but also when they were absent. Muscle contraction appeared when 
the muscle preparation was put into contact with two different metals, indoors or outdoors. In this case, 
no external electricity was being applied to the muscles, so Galvani was led to the conclusion that the 
frog's muscles were generating electricity by themselves. He compared the muscle to a small Leyden 
jar, charged with electricity. When an external charge was applied to the muscles, opposite electrical 
charges on the inside and outside surfaces would cause an attraction and the ensuing muscle 
contraction [Piccolino, 1997]. 
The noted Italian physicist Alessandro Volta (1745-1827) repeated Galvani’s experiments and 
obtained the same results. However, he was not convinced of Galvani’s explanation. He noted that 
since applying the bimetallic probes to the nerves leading to the muscles only, would also cause a 
contraction, the Leyden jar model proposed by Galvani could not be true. Volta proposed the 
alternative hypothesis, that external electricity was generated by the contact between two kinds of 
metal. He claimed that the frog muscle worked only as a detector of the small differences in external 
electrical potential external. He built in 1800 the first electrical pile, or battery: a series of metal disks 
of two kinds, separated by cardboard disks soaked with acid or salt solutions. This is the basis of all 
modern wet-cell batteries, and it was a tremendously important scientific discovery, because it was the 
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first method found for the generation of a sustained electrical current. However, regarding Galvani’s 
biological experiments, Volta effectively rejected the idea of an “animal electric fluid”. 
A simple experiment, where two nerves of separately prepared legs from the same frog were 
brought into contact and resulted in muscle contraction showed that Volta's interpretation was 
incorrect. Galvani and his cousin, Giovanni Aldini (1762-1834), were able to demonstrate that animal 
tissue was indeed a source of electricity, even without metal contact, and that it was present when only 
one metal was used (a pool of mercury). He also caused a muscle to contract by touching the exposed 
muscle of one frog with the nerve of another. In this way, he was the first to establish with certainty the 
existence of bioelectricity. 
Galvani’s remarkable experiments helped to establish the basis for the biological study of 
neurophysiology and neurology. The paradigm shift was complete: nerves were not water pipes or 
channels, as Descartes and his contemporaries thought, but electrical conductors. Information within 
the nervous system was carried by electricity generated directly by the organic tissue. As the result of 
the experimental demonstrations carried out by Galvani and his followers, the electrical nature of the 
nerve-muscle function was unveiled. However, a direct proof could only be made when scientists could 
be able to measure or to detect the natural electrical currents generated in the nervous and muscular 
cells. Galvani did not have the technology to measure these currents, because they were too small and 
the devices used in that time were not sensitive enough [Piccolino, 1998]. 
     
Figure 1 - The Italian physician and physicist Luigi Galvani (A). First recorded the phenomenon of electrical signals while 
dissecting a frog on a table where he had been conducting experiments with static electricity (B). With the electrical 
stimulation of a frog nerve, it was found that the current flows through the two different metals, coming into contact with 
animal muscle (C) (modified from Piccolino, 1998). 
During the early part of the 19
th
 century, Galvani’s experiments were often repeated but not 
interpreted correctly. After identifying the organ responsible for electrical discharges in electrical fish, 
Carlo Matteucci (1811-1868) had turned his attention to the potentials that are responsible for muscle 
A B C 
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contraction. In 1838, he first reported his findings on muscle contractions. He showed that in rest there 
was a potential difference between the damaged and the intact surface of a severed muscle (i.e., the 
inside and the outside of a muscle cell). This potential was large enough to create a measurable current. 
He was the first to demonstrate that it was possible to induce muscle contraction by means of an action 
potential, and he showed that this action potential was associated with the depolarization of the muscle 
resting potential [Moruzzi, 1996]. 
In 1848-9, half a century after Galvani’s discoveries, and thanks to the invention of the 
galvanometer, the German scientist Emil Heinrich du Bois-Reymond (1818-1896) was able to use a 
sensitive apparatus developed by him to detect what he called “action current” (later called action 
potential) in the frog’s nerve. It was named this way because du Bois-Reymond (Figure 2A) noted a 
small negative variation of the resting electrical potential in metallic electrodes connecting the nerve to 
a galvanometer only when the stimulation of the nerve (mechanical or electrical) would elicit a 
response from the muscle. He was able to demonstrate that this phenomenon of “negative variation” 
also occurs in striated muscle and is the primary cause of muscular contraction. It was du Bois-
Reymond, under the guidance of Alexander von Humboldt, who finally interpreted the membrane 
potential experiments correctly and refined the methods to record muscle currents from frogs and even 
humans. du Bois-Reymond’s contributions published in his book “Untersuchungen über thierische 
Elektricität” (“Researches on Animal Electricity”) in 1848, created the field of scientific 
electrophysiology. The impressive technological advances in the second half of the 19
th
 century would 
advance the new field of electrophysiology [McCaig et al., 2005]. 
The last person that needs to be mentioned from the early days of bioelectricity is Hermann von 
Helmholz (1821-1894). In 1852, he was able to determine the propagation speed of an electrical signal 
along the nerve cell. He found that nerve signals had a speed of “only” 10-100 meters per second. This 
is a lot slower than the speed of light, previously assumed to be the speed at which nerve impulses 
traveled. The contribution of von Helmholz to the field of bioelectricity did not stop there; he also 
developed a number of instruments that made more accurate measurements of currents possible 
[Folgering and Poolman, 2005; Sabbatini, 1998]. 
One of the first published works on electrotaxis phenomenon on cells was made by Verworn 
(Figure 2B) in 1896. He observed that, when an amoeba is exposed to weak electric currents, it orients 
and moves towards the cathode. For stronger electric fields, the anodal side of the amoeba is 
contracted. At that time, he was not able to explain his observation [Verworn, 1896]. 
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Figure 2 – (A) Emil du Bois-Reymond experiments in which he measured currents of around 1 µA in a live cut finger. (B) 
Max Verworn, the first to investigate cell migration under electric field influences (modified from Dierig, 2002 and 
Wikipedia, Max Verworn). 
Erikson and Nuccitelli were one of the firsts to hypothesize that electric currents produced 
within the embryo, the called endogenous electric field, might guide the movement of migratory 
embryonic cells. They reported that the motility of fibroblast cells is strongly influenced by dcEF 
(between 1 and 10 mV/mm). In their experiments, the cells migrated towards the cathode by extending 
their lamellipodia in that direction. They also observed that the cells oriented their long axes 
perpendicular to the field lines [Erickson and Nuccitelli, 1984]. 
1.2 BIOPHYSICS OF THE MEMBRANE 
1.2.1 Cell plasma membrane 
The cell membrane is a biological membrane that separates the interior of all cells from the 
outside environment. It is a complex, self assembled composite material fulfilling a host of different 
functions. The basic function of the cell membrane is to protect the cell from its surroundings. 
However, cell membranes are involved in a variety of cellular processes such as cell adhesion, ion 
conductivity and cell signaling, and serve as the attachment surface for several extracellular structures, 
including the cell wall, glycocalyx, and intracellular cytoskeleton. More than a simple barrier, the 
membrane serves as a two-dimensional reaction platform for a plethora of biochemical reactions 




dependent on membranes, especially because they define the internal compartments of eukaryotic cells, 
including the nucleus and cytoplasmic organelles. The formation of biological membranes is based on 
the properties of lipids, and all cell membranes share a common structural organization: bilayers of 
phospholipids with associated proteins (Figure 3A). 
The selective permeability of biological membranes to small molecules allows the cell to 
control and maintain its internal composition. Only small uncharged molecules can diffuse freely 
through phospholipid bilayers. Small nonpolar molecules, such as O2 and CO2, are soluble in the lipid 
bilayer and therefore can readily cross cell membranes. Small uncharged polar molecules, such as H2O, 
also can diffuse through membranes, but larger uncharged polar molecules, such as glucose, cannot. 
Charged molecules, such as ions, are unable to diffuse through a phospholipid bilayer regardless of 
size; even H
+
 ions cannot cross a lipid bilayer by free diffusion. 
Although ions and most polar molecules cannot diffuse across a lipid bilayer, many such 
molecules (such as glucose) are able to cross cell membranes. These molecules pass across membranes 
via the action of specific transmembrane proteins, which act as transporters. Such transport proteins 
determine the selective permeability of cell membranes and thus play a critical role in membrane 
function. They contain multiple membrane-spanning regions that form a passage through the lipid 
bilayer, allowing polar or charged molecules to cross the membrane through a protein pore without 
interacting with the hydrophobic fatty acid chains of the membrane phospholipids. There are two 
general classes of membrane transport proteins. Channel proteins form open pores through the 
membrane, allowing the free passage of any molecule of the appropriate size. Ion channels, for 








 across the plasma 
membrane. Once open, channel proteins form small pores through which ions of the appropriate size 
and charge can cross the membrane by free diffusion. 
The pores formed by these channel proteins are not always permanently opened; rather, they 
can be selectively opened and closed in response to extracellular signals, allowing the cell to control 
the movement of ions across the membrane. In contrast to channel proteins, carrier proteins selectively 
bind and transport specific small molecules, such as glucose. They bind to specific molecules and then 
undergo conformational changes that open channels through which the molecule to be transported can 





Figure 3 – (A) Scheme of the structure of a cell membrane showing the bilayers of phospholipids with associated proteins. 
(B) Diagrammatic representation of the various mechanisms for the passage/transport of ions and molecules across 
biological membranes, active and passive. Channels are protein structures that facilitates the translocation of molecules or 
ions across the membrane through the creation of a central aqueous channel in the protein, facilitating diffusion in both 
directions dependent upon the direction of the concentration gradient. Gated channels can be opened or closed. Transporters 
are distinguished from channels because they catalyze (mediate) the movement of ions and molecules by physically binding 
to and moving the substance across the membrane: uniporters transport a single molecule at a time, symporters 
simultaneously transport two different molecules in the same direction, and antiporters transport two different molecules in 
opposite directions (extracted from PhysiologyWeb, 2014). 
Molecules are transported by either channel or carrier proteins cross membranes in the 
energetically favorable direction, as determined by concentration and electrochemical gradients, what 
is known as passive transport. However, carrier proteins also provide a mechanism through which the 
energy changes associated with transporting molecules across a membrane can be coupled to the use or 
production of other forms of metabolic energy, just as enzymatic reactions can be coupled to the 
hydrolysis or synthesis of ATP. Molecules can be transported in an energetically unfavorable direction 
across a membrane (e.g. against a concentration gradient) if their transport in that direction is coupled 
to ATP hydrolysis as a source of energy, what is called active transport. The free energy stored as ATP 
can thus be used to control the internal composition of the cell, as well as to drive the biosynthesis of 





1.2.2 Cell membrane potential 
All living cells possess a long-term, steady-state voltage gradient across the plasma membrane 
and this potential is due to disparities in concentration and permeability of important ions across a 
membrane. Because of the unequal concentrations of ions across a membrane, the membrane has an 
electrical charge. 
Walther H. Nernst, winner of 1920 Nobel Prize in chemistry, was a major contributor to the 
study of membrane potential. He developed the Nernst equation to solve the equilibrium potential for a 
specific ion. Goldman, Hodgkin and Katz furthered the study of membrane potential by developing the 
Goldman-Hodgkin-Katz equation to account for any ion that might permeate the membrane and affect 
its potential [Cooper, 2000; Heitler, n.d.]. 
The potential difference across the plasma membrane is referred as the membrane potential 
(Vm). The equilibrium potential (Veq) of an ion is the value of transmembrane voltage at which diffusive 
and electrical forces counterbalance, so that there is no net ion flow across the membrane. This means 
that the transmembrane voltage exactly opposes the force of diffusion of the ion, such that the net 
current of the ion across the membrane is zero and unchanging. The reversal potential is important 
because it gives the voltage that acts on channels permeable to that ion. It gives the voltage that the ion 
concentration gradient generates when it acts as a battery [Purves et al., 2008]. The equilibrium 
potential for any ion can be calculated using the generalized form of the Nernst equation (equation 1), 
where Veq is the equilibrium potential (Nernst potential), R is the universal gas constant (8.314 
J/molK), T is the temperature in Kelvin, z is the valence of the ionic species, F is the Faraday’s 
constant (96,485 C/mol), [X]o is the concentration of the ionic species X in the extracellular fluid and 
[X]i is the intracellular concentration of that ion. 




    
    
 
The Nernst equation allows us to calculate the potential that will be established across the 
membrane based on the valence and concentration gradient of an ion. At the equilibrium potential, the 
chemical and electrical gradients are equal and opposite in direction. For example, the Nernst potential 
for K
+
 is the equilibrium potential for K
+
 (VK) as shown in Figure 4A. 
Two factors are important for the generation of the membrane potential: 
 Asymmetric distribution of ions across the plasma membrane (Figure 4B);  
(1) 
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 Selective ion channels in the plasma membrane. K+, Na+, and Cl− channels are the most 
important channel types for most cells, although there are many cells in which other 
channels are important as well. 
 
Figure 4 – (A) The total forces acting upon ions across a membrane is a combination of both chemical and electrical forces 
and is referred to as the electrochemical driving force. The net direction of this force is equal to the sum of both forces. If 
the chemical and electrical driving forces are in opposite directions, the point at which each equals the other is the 
equilibrium potential. (B) Equilibrium potential for important ions (extracted from King, 2012). 
The resting membrane potential (Vrest) refers to a situation in which the cell is at rest and no 
perturbations have been done to change the potential. In non-excitable cells such as epithelial cells or 
adipose cells (and others), and in excitable cells in their baseline state, the membrane potential is held 
at a relatively stable value. Therefore, Vm = Vrest at all times. In most cells the resting membrane 
potential is negative inside. The value of the resting membrane potential varies from cell to cell, and 
ranges from about -20 mV to -100 mV. For example, in a typical neuron, its value is -70 mV, in a 
typical skeletal muscle cell, its value is -90 mV, and in a typical epithelial cell, its value is closer to -
50 mV. In excitable cells (such as neurons, muscle cells, and some endocrine cells), upon stimulation 
the membrane potential can change dramatically for short periods of time (milliseconds to hundreds of 
milliseconds). Therefore, in excitable cells the membrane potential is not always at the resting 
membrane potential. 
The opening and closing of ion channels can induce a departure from the resting potential. This 
is called a depolarization if the interior voltage becomes less negative or a hyperpolarization if the 
interior voltage becomes more negative. In excitable cells, a sufficiently large depolarization can evoke 
an action potential, in which the membrane potential changes rapidly and significantly for a short time, 




Figure 5 – Action potential from a giant squid axon. Stages of the membrane potential during resting, depolarization, action 
potential and repolarization, showing changes in membrane potentials and molecular events. (A) Resting state, (B) 
Beginning of depolarization, (C) Action potential peaks and repolarization (D) Repolarization complete, (E) Steps involved 
in the action potential process: (1) A stimulus is received by the dendrites of a nerve cell. This causes the Na
+
 channels to 
open. If the opening is sufficient to drive the interior potential from -70 mV up to -55 mV (for a typical neuron), the process 
continues. (2) Having reached the action threshold, more Na
+
 channels open. The Na
+
 influx drives the interior of the cell 
membrane up to about +30 mV. The process to this point is called depolarization. (3) The Na
+ 
channels are inactivated and 
the K
+
 channels open. Since the K
+ 
channels are much slower to open, the depolarization has time to be completed. (4) With 
the K
+
 channels open, the membrane begins to repolarize back toward its rest potential. (5) The repolarization typically 
overshoots the rest potential to about -90 mV. This is called hyperpolarization and is important in the transmission of 
information. During the refratory period the neuron cannot discharge another action potential and assures that the signal is 




 pump brings the membrane back to its resting state of -
70 mV (modified from Charand and Nave 2012). 
During an action potential, in response to the appropriate stimulus, the cell membrane goes 
through a sequence of depolarization from its rest state followed by repolarization to that rest state 
(more detail in the Figure 5). In the sequence, it actually reverses its normal polarity for a brief period 
before reestablishing the rest potential. Action potentials are generated by the activation of certain 
voltage-gated ion channels as shown in the Figure 5 [Alberts et al., 2002; Barnett and Larkman, 2007; 
Chiang et al., 1992; Nuccitelli, 2003b; PhysiologyWeb, 2014]. 
1.2.3 Endogenous electric field 
An electric field (EF) is an electrical potential difference between two points at a known 
distance apart, measured in units of volts per distance. In a physiological solution such as the cytoplasm 
or the fluids of the extracellular spaces, there are no free electrons to carry charge, the current flow is 
D 
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. If there is 
a voltage difference between any two points in a conductive medium, current will flow. EFs depend on 
the presence of a voltage source (e.g. a battery) and a conductive pathway. The two predominant direct 
current (DC) voltage sources in biological organisms are the transmembrane electrical potential (Vm) 
and the transepithelial potential (VTEP) that exists across sheets of cells connected via high-resistance 
tight junctions [McCaig et al., 2005; Messerli and Graham, 2011]. 
Most organs (especially glands) and embryos surrounded by a layer of epithelia cells produces 
transepithelial potentials. Just as the cell is surrounded by a plasma membrane, all of our organs are 
bounded by an outer epithelium. The epithelium is to the organ what the plasma membrane is to the 
cell; the bounding epithelium determines what goes in and out of the organ that it encapsulates. All 
epithelia generate a voltage across this epithelial layer that has many different uses. The polarity of this 
voltage is usually positive inside, which is opposite in sign to the plasma membrane potential that is 
generally negative inside (Figure 6). 
Voltage gradients regulate important events at the level of individual cell behavior, controlling 
cell number (proliferation and apoptosis), cell shape (orientation and outgrowth), cell position 
(migration and electrotaxis), and cell differentiation (or de-differentiation), often over-riding competing 
chemical cues. Vm gradients have been shown to control left-right asymmetry, craniofacial 
morphogenesis, appendage regeneration, head-tail polarity, size of regenerating appendages and eye 
induction. Studies reveal that the exact channel or pump used to trigger such morphological changes is 
often irrelevant, many sodium, potassium, chloride, or proton conductances can be used as long as the 
appropriate bioelectrical state is reached [Adams et al., 2006; 2007; Adams and Levin, 2013; Levin, 
2014; Pai et al., 2012]. 
The transmembrane potential Vm refers to the voltage difference across a cell’s bilayer 
membrane and it arises from the combined activity of numerous ion channels and ion pumps, as well as 
gap junctions complexes (highly versatile aqueous connections between the cytoplasm of adjacent cells 
that allow voltage and current-mediate signals to be propagated and regionalized across cell groups) 
[Adams and Levin, 2013; Gamboa et al., 2010; Levin, 2014]. The asymmetric distribution of those 
channels and pumps between the apical and basal surfaces of the endothelial cells surrounding most 
organs leads to VTEP differences of +15 to +60 mV, corresponding to a dcEF of 0.5 to 5 V/cm [Gross et 





Figure 6 – Individual cells maintain an electrical potential (Vm) across the intact plasma membrane. This results from the 
activity of membrane-bound channels selective for transport of specific ions across the intact membrane, which has a high 
electrical resistance. The result is a net negative charge inside the cell relative to outside. In an individual cell, localized 
injury to the membrane causes an inward injury current as positively charged ions enter the cytoplasm. Similarly, selective, 
directional ion transport across intact epithelia results in a significant potential difference across the epithelial layer. Each 
cell is divided functionally into an apical domain facing the pond water and a basolateral domain facing the inside of the 
embryo. The apical domain contains membrane proteins that allow passive entry of Na
+
 (arrow) into the cell, and the 
basolateral domain contains Na-K-ATPases that actively pump Na
+
 out of the cell into the intercellular embryonic space 
(arrow). Tight junctions between epithelial cells provide physical connections between cells, providing high electrical 
resistance to the epithelial sheet and preventing leakage of Na
+
 out of the embryo. The result is a higher concentration of 
Na
+
 inside the skin relative to the outside. The resulting transepithelial potential (VTEP) gradient of tens of millivolts can be 
measured directly across the intact epithelium. Intact skin therefore represents a biological “battery”. Wounding of an 
epithelial sheet (or localized disruption of tight junctions) creates a current leak at the wound site causing the immediate, 
catastrophic collapse of the VTEP at the wound. The VTEP is not affected distally however, where the epithelial integrity and 
ion transport properties remain intact. Na
+
 leak out the wound, resulting in an outward injury current and a lateral voltage 
gradient (electric field) within the embryo (green arrows) oriented parallel to the epithelial sheet. The wound site is the 
cathode of the electric field (modified from McCaig et al., 2005). 
VTEP is due primarily to the polarized distribution of ion channels in the epithelial cells. Most 
Na
+
 channels are localized to the apical membrane and most K
+
 channels are found in the basolateral 




 ATPase (3 Na:2 K) pumps Na
+
 out of cells, while pumping K
+
 into cells, 
this localization of channels leads to Na
+
 influx across the apical membrane and K
+
 efflux across the 
basolateral membrane. This constitutes a transepithelial ion flow that must complete the current loop by 
flowing back through a paracellular route to the apical side of the epithelium. Cl
–
 efflux from the apical 
membrane may also contribute to generate the internally positive VTEP [Chiang et al., 1992; Messerli 
and Graham, 2011; Nuccitelli, 2003b]. VTEP varies depending on the physiological condition of the the 
tissue on pathophysiological state. For example, in cystic fibrosis, which is associated primarily with 
impaired Cl
–
 transport across epithelial membrane, the VTEP of the nasal airway epithelium is 
hyperpolarized (-51 mV in cystic fibrosis patients, compared to -15 mV in normal nasal airway 
epithelium) [Mycielska and Djamgoz, 2004]. 
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Endogenous EFs are created due to the collapse of the VTEP (Figure 6). Injury to the high-
resistance structures, plasma membrane or tight-junctional epithelium, creates a lower resistance 
pathway, short-circuiting the source and giving rise to current flow at the site of injury [Messerli and 
Graham, 2011]. The current is driven out of regions of low resistance where there has been a break in 
the epithelium (wounds) or where tight junction resistance is low, such as along the primitive streak or 
the posterior intestinal portal in chick or mouse embryos or at the forming limb bud in amphibian and 
chick. The “leakage current” that is driven out of epithelia in low resistance regions has been measured 
using the vibrating probe technique in several systems. Endogenous EFs were measured in vivo or in 
vitro in small airways of sheep lungs, guinea pig trachea, mouse rectum and rat prostate and might also 
exist in the central nervous system owing to the presence of extracellular field potentials across the 
blood-brain barrier, including specific transendothelial potentials [Chiang et al., 1992; Mycielska and 
Djamgoz, 2004; Nuccitelli, 2003b]. One of the earliest measurements was a current density as large as 
100 μA/cm2 leaving the stumps of regenerating new limbs. An injury to the epidermis causes a 
measured DC current density efflux between 1 and 10 µA/cm
2
 and an estimated current density up to 
300 µA/cm
2
 near the edge of the wound. The currents generated relatively steady local EFs between 40 
and 200 mV/mm that decay over hours and can still be measured for at least 24 h after injury [Hart et 
al., 2013; Messerli and Graham, 2011]. A large outward current density of 4 μA/cm2 was measured at 
the wound edges of rat cornea and human skin. This current gradually increased to 10 μA/cm2 and 
persisted at 4-8 μA/cm2 [Zhao et al., 2006]. On the bovine cornea (Figure 7) the magnitude of the EF 
was 42 mV/mm [Nuccitelli, 2003a]. The electrical-potential difference across the lumen of rat prostate 
glands is around -10 mV, and a steady dcEF of 500 mV/mm exists across the 20 mm-thick lumenal 
wall. The skin of guinea pigs and humans supports a VTEP 30-100 mV, but slit wounds in the skin create 
electric fields of 100-200 mV/mm that have been measured directly [Chiang et al., 1992; Levin, 2007; 
McCaig and Zhao, 1997; Nuccitelli, 2003a]. 
Figure 7 – Schematic representation of the measurement of the endogenous electric field in a wounded corneal epithelium, 
where voltages of 42 mV/mm were recorded (extracted from Chiang et al., 1992). 
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Beside wound healing and regeneration, endogenous EFs also arise during various stages of 
embryo development. The tight junctions between epithelial cells of the flank skin break down, but 
only in the precise areas where limb buds will form. The VTEP becomes short-circuited only at these 
sites from which current densities of 1 to 10 µA/cm
2
 leave the flank. These “prophetic” currents 
precede limb bud emergence by several days and predict the sites from which limb buds appear in 
amphibians, chicks and mice. Direct microelectrode impalement of the epidermis at positions varying 
the proximity to the blastopore revealed steady subepithelial voltage gradients of 30-40 mV/mm. Chick 
embryos, 2-4 days old, generate a 20 mV/mm field (105 μA/cm2) near the posterior intestinal portal, 
and stage 14-21 amphibian embryos generate similar internal EFs. With the use of standard glass 
microelectrodes, stable gradients of voltage have been measured around the neural plate area in axolotl 
embryos during the period of neurulation. EFs of 30 mV/mm are present in region rostral to the 
developing blastopore. Current densities of 100 µA/cm
2
 have been measured exiting the blastopore in 
Xenopus embryos at developmental stages 15-20. The sites of current leaks are regions of major tissue 
movements. Because tissue movement disrupts tight junctional seals transiently and therefore reduces 
tissue resistivity locally, current flows parallel to the tight sealed epithelium in areas of high resistivity 
(intact tight junctions) and exits the embryo in regions of low resistivity (where tight junctions are 
broken down) [Hotary and Robinson, 1992; McCaig et al., 2005; Nuccitelli, 2003a]. 
The electric potential differences normally measure about tens of milivolts (mV) across tens of 
micrometer thickness of the epithelial layer and yield electric voltage gradients about hundreds to 
thousands mV/mm across epithelial layers at rest. If the dimensions of a cell are considered, the 





 V/m. This halts weaker dcEF from entering the cell. Despite these high-field strengths required to 
penetrate cell membranes, it is important to note that dcEF couple to internal signaling pathways via 
interactions with sensor mechanisms located at the cell membrane. Vibrating probes and glass 
microelectrodes are amongst the modern techniques used to confirm the existence of naturally 
occurring electric currents and fields at wounds [Funk et al., 2009; Wang and Zhao, 2010]. 
1.3 ELECTRICAL ANALOGOUS FOR CATHODE/ANODE 
Electrochemistry is the study of chemical processes that cause electrons to move. This 
movement of electrons is called electrical current, which can be generated by movements of electrons 
from one element to another in a reaction known as an oxidation-reduction reaction. Oxidation and 
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reduction reactions are chemical reactions involving a transfer of electrons from one atom in the 
reaction to another. When two different oxidation or reduction reactions are connected electrically, a 
current is formed. The direction depends on the type of reaction taking place at the terminal. Reduction 
reactions involve the gain of electrons. Electrons are needed to fuel the reaction and pull these electrons 
from the electrolyte. Since electrons are attracted to the reduction site and current flows opposite the 
flow of electrons, current flows away from the reduction site. Since current flows from the cathode to 
the anode, the reduction site is the cathode. Oxidation reactions involve the loss of electrons. As the 
reaction progresses, the oxidation terminal loses electrons to the electrolyte. Negative charge is moving 
away from the oxidation site. A positive current would move towards the oxidation site, against the 
flow of electrons. Since current flows to the anode, the oxidation site is the anode of the cell. 
The materials which are employed to pass an electric current through an electrolytic solution are 
called electrodes. The electrode where reduction occurs and electrons are gained is called the cathode. 
The electrode where oxidation occurs and the electrons are lost is called the anode (Figure 8). Electrons 
will always move from the anode to the cathode. 
Figure 8 – (A) Cathode/Anode in electrochemical cell. (B) Electrical analogous for Cathode/Anode. (C) Conventional 
current direction, opposite from electrons movement (modified from Bard and Faulkner, 2001; Helmenstine, n.d.). 
In electricity, anodes and cathodes are the endpoints or terminals of a device that produces 
electrical current. The direction of conventional current is arbitrarily defined to be the same as the 
direction of the flow of positive charges. The cathode is the terminal that attracts cations, or positive 
ions. Electrons are negative, and will move in the opposite direction of current, to the anode. In metals, 
the positive charges are immobile, and the charge carriers are electrons. Because the electrons carry 
negative charge, their motion in a metal conductor is in the direction opposite to that of conventional 
current. In electric circuits the charge can also be carried by ions in an electrolyte, or by both ions and 
electrons such as in a plasma. Electric currents in electrolytes are flows of electrically charged particles 
A B C 
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(ions) [Bard and Faulkner, 2001; Cammack et al., 2000; Denker, 2004; Glasstone, 1974; Helmenstine, 
n.d.; Poulsen, 2010; Zoski, 2008]. There are at present 3 different definitions for cathode: 
1) The electrode of an electrolysis cell or electrophoresis apparatus towards which cations of the 
electrolyte migrate under the influence of an electric field applied between the electrodes; 
2) The negative electrode: the electrode, pole, or terminal of a solid-state rectifier, discharge 
tube, thermionic valve, or other apparatus by which conventional electric current returns to 
an external source; i.e. the electrode through which electrons flow into such a device; 
3) The positive pole or terminal of an electric (primary or secondary) cell or battery (of cells); 
i.e. the pole from which electrons emerge from such a device.  
Clearly, in each case, the anode is defined by the opposite. 
1.4 ELECTROTAXIS AND POLARIZATION 
Cell migration can occur due to different sources of stimuli: electrical, chemical or mechanical. 
Electrotaxis is the ability of cells to use field lines and voltage gradients as migratory stimulus. In cell 
culture, different cell types respond to EFs of magnitude similar to endogenous EFs by moving 
preferentially either parallel or perpendicular to the field. The perpendicular orientation induced by EFs 
is often accompanied with elongation of the cells [Huang et al., 2013; Wang and Zhao, 2010]. The 
orientative movements consisted of somatic elongation of the cells into spindle shapes, following the 
alignment perpendicular to the field. 
In order to achieve perpendicular elongation, a certain self-induced cytoskeletal tension is 
required along the axis. Assuming that all free integrin receptors drift towards an electrode and 
accumulate there, the cell is only able to connect to two focal adhesions and increase tension between 
them if they are on an axis perpendicular to the drift [Funk et al., 2009]. Cell migration is a dynamic 
and highly orchestrated cellular process. Persistent directionality involves a complex cycle of leading 
edge protrusion (lamellipodia and ruffled membranes), adhesion to the extracellular matrix, and 
retraction of the rear end of the cell accompanied by cycles of assembly and disassembly of actin 
filaments. Thus, cell migration can be divided into four separate steps: sheet-like protrusions 
(lamellipodia) extension, formation of new adhesions, cell body contraction and tail detachment. 
Deregulation of migration is observed under several pathophysiological conditions such as 
inflammation and cancer [McCaig, 1986; Magdalena et al., 2003a; Millarte and Farhan, 2012; Özkucur 
et al., 2011; Sulik et al., 1992]. 
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Even though the biological significance of different migration directions of different cell types 
is not clear and needs further study, the role of external EFs on polarization is well established in many 
cell types. In most cases, cells move towards the cathode, such as rat and human corneal epithelial 
cells, bovine aortic vascular endothelial cells, human retinal pigment epithelial cells, human 
keratinocytes, amphibian neural crest cells, C3H/10T1/2 mouse embryo fibroblasts, fish epidermal 
cells, lymphocytes, lung cancer cells, Xenopus neurons and metastatic rat prostate cancer cells [Cooper 
and Keller, 1984; Djamgoz et al., 2001; Onuma and Hui, 1988; Sulik et al., 1992; Zhao et al., 1996]. 
However, some cells types move towards the anode, such as human granulocytes, rabbit corneal 
endothelial cells, human vascular endothelial cells, osteoclasts, dermal fibroblasts, Schwann cells, 
corneal stromal fibroblasts, macrophages, SaOS-2 and metastatic human breast cancer cells [Chang et 
al., 1996; Özkucur et al., 2009; Song et al., 2004]. Cell migration with a preferred direction can involve 
the local activation of various charged receptors or ion channels that contribute to the migratory 
processes at the leading edge of the cell. Accumulating evidences suggest that enhanced directional 
migration correlates the Ca
2+
 signalling to the intracellular organelle localization, redistribution of focal 
adhesion and actin filaments. Most of these signalling events take place through specialized receptors 
or other signalling molecules, such as calmodulin or calcineurin [Funk, 2013; Messerli and Graham, 
2011; Mycielska and Djamgoz, 2004; Yan et al., 2009; Wang and Zhao, 2010]. 
It is generally accepted that the EFs only affect events close to the plasma membrane. EFs may 
influence ion transport and/or membrane potential locally around the cell. An extracellular electrical 
potential gradient across a cell generates an asymmetric signal between the two poles of the cell 
parallel to EF lines (Figure 9A-B). There are two possible explanations for such phenomenon: 
1) EFs exert forces on freely diffusing signalling molecules on the extracellular surface. The net 
result of these forces leads to asymmetric redistribution of these signalling molecules and directed 
migration (Figure 9C). As most surface receptors have a net negative charge at physiological pH, an 
applied EF would generate an electrophoretic force that would cause them to migrate towards the 
positive anode. Paradoxically, all the proteins are localized at the cathode (negatively charged): 
glycolproteins, glycolipids, acetylcoline receptor, LDL receptors, IgG receptor, EGF receptor. An 
overwhelming force next to the plasma membrane moves cell surface molecules in the opposite 
direction. Specifically, water flow in the extracellular boundary layer induced electroosmosis, drives 





Figure 9 – Responses of cells to the application of dcEF. (A) A simple spherical cell in the resting state has a negative 
membrane potential, in this case, -70 mV. (B) The effects of an uniform applied electrical field. The field is distorted by the 
highly resistive cell as shown. The potential just outside the cell will vary sinusoidally and thus the transmembrane 
potential, Vm, will also vary so that the anodal-facing side is hyperpolarized and the cathode-facing side depolarized. In 
addition, there will be an electric field parallel to the membrane. (C) In electrotaxis, asymmetric signaling results from an 
increase in density of membrane receptors (or membrane) on the cathode-facing side of the cell. The intracellular signal is 
higher on the cathode-facing side of the cell, which becomes the leading edge, and the cell migrates toward the cathode. (D) 
A cell with negligible voltage-gated conductance exposed to a dcEF. The membrane towards the anode is hyperpolarized 
and attracts Ca
2+
 by passive electrochemical diffusion. Consequently, this side of the cell contracts, thereby propelling the 
cell towards the cathode. (E) A cell with voltage-gated Ca
2+
 channels (VGCCs). Channels near the cathode (depolarized) 
side open, thereby allowing Ca influx. In such a cell, intracellular Ca
2+
 levels will rise both on the anodal side (as in D) and 
on the cathodal side, owing to depolarization-induced activation of the VGCCs. The direction of cell movement, if any, then 
depends on the balance between the opposing contractile forces (modified from Robinson, 1985; Mycielska and Djamgoz, 
2004 and McCaig et al., 2005). 
Previous studies, which have investigated different cell types, have shown that many proteins, 
lipids and organelles redistributed because of cell polarization during electrotaxis [Özkucur et al., 
2011; Pu and Zhao, 2005; Zhao, 2002]. Polarity is likely to be an ancient property of cells, perhaps 
having initially evolved to ensure differential inheritance at cell divisions. Polarity is also critical for 







opposing surfaces of the cell to acquire distinct functions and molecular components. The end point of 
cell polarity networks is to differentiate molecularly one side of the cell from the other. This molecular 
differentiation both defines a polarity axis and allows cellular processes to be regulated differentially 
along this axis [Goehring and Grill, 2013]. In an applied EF current flow near the extracellular 
boundary layer is carried predominantly by motile cations that drag along their shell of hydration 
towards cathode. This gives rise to water flow towards cathode and produces a physical force driving 
molecules to cathode. There is theoretical and experimental evidences to indicate that receptors 
rearrangements in an applied dcEF are driven by electroosmosis, which acts to override the effect of 
electrophoresis. 
2) EF induces asymmetric activation of a plasma membrane sensor such as a voltage-gated Ca
2+
 
channel or other transplasma membrane voltage sensor. Asymmetric activation of this voltage-sensor 
leads to a polarized signal that directs changes to the cell morphology. As shown in Figure 9D-E, 
depolarized membrane on the cathode side could give rise to Ca
2+
 influx on cathodal side due to 
activation of voltage-gated Ca
2+
 channels thereby generating a gradient of intracellular Ca
2+
 at the 
cathode that could be used to direct cathodal migration [Allen et al., 2013; Campetelli et al., 2012; 
Gamboa et al., 2010; McCaig et al., 2005; 2009; Messerli and Graham, 2011; Mycielska and Djamgoz, 
2004; Robinson, 1985]. The whole response mechanism of the cells to the cathodal or anodal 
electrotaxis is not completely understood so far. 
In cell migration, polarity refers to the front-rear polarity, that is, the molecular and functional 
differences between the front (or leading edge: closest to the direction of migration) and rear (or 
trailing edge: the opposite to the front) of the cell. Interestingly, migratory polarization shares many 
common effectors and adaptors with epithelial or embryonic polarity [Li and Gundersen, 2008]. 
Therefore, we refer to polarity, in this text, as the ability of a cell to define geometric axis or as the 
asymmetric morphology of the cells. Please, do not confuse it with electrical polarity, which is present 
in every electrical circuit and is described by the electrons flow from the negative pole to the positive 
pole. 
Polarity differ from cell to cell (Figure 10), but is often described by membrane domain 
segregation, intracellular organelle localization, asymmetric cytoskeletal arrangement and the 




Figure 10 – Examples of polarized cells to highlight the multiplicity of aspects of cell polarity. (A) Actin cytoskeleton 
promotes extension of the leading edge and retraction of the rear of the cell, the microtubule system associated with the 
centrossome aligns along the direction of migration and the Golgi apparatus faces the front of the cell and vesicular 
trafficking is oriented towards the leading edge. (B) A polarized organization that allows the formation of a strong and 
stable cell-cell contact and the orientation of the microtubule cytoskeleton and the secretory pathway in the direction of this 
contact. (C) The entire cell is polarized and the intracellular organization is characterized by polarized cytoskeletal 
structures and polarized membrane traffic. (D) In the C. elegans zygote, the first division is asymmetric. The microtubule 
system is polarized, with asymmetric forces leading to an asymmetric positioning of the mitotic spindle (extracted from 
Etienne-Manneville, 2004). 
1.5. EFFECTS OF ELECTRIC FIELDS ON THE PLASMA MEMBRANE POTENTIAL 
Cells exposed to a surrounding dcEF will experience spatially inhomogeneous depolarization or 
hyperpolarization along the direction of the field. In a dcEF, plasma membrane facing the cathode 
depolarizes while the membrane facing anode hyperpolarizes [Levin, 2007; Gao et al., 2011]. 
Increasing evidence has pointed out not only a correlation, but also a functional relationship 
between Vm and important cell functions such as proliferation and differentiation. Interestingly, 
membrane voltage analysis in many different mammalian cell types reveals that proliferative potential 
is correlated with unique ranges of Vm. As shown in Figure 11 somatic cells with a high degree of 
polarization (a hyperpolarized Vm) tend to be quiescent and do not typically undergo mitosis. 
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Figure 11 – Cell-autonomous bioelectrical states. Membrane voltage is correlated with proliferative potential and 
differentiation state. The data illustrates the observation that tumor and embryonic (proliferative) cells tend to be highly 
depolarized; by contrast, terminally differentiated quiescent cells tend to be strongly polarized. The position of the liver 
(highlighted in yellow) near the proliferative component of the scale is consistent with the relationship between membrane 
voltage and cellular plasticity, in light of its unique (high) regeneration potential (modified from Levin, 2007). 
Conversely, highly plastic cells, such as embryonic, adult stem cells and tumor cells tend to 
have a smaller degree of polarization (a depolarized Vm) and are mitotically active [Chernet and Levin, 
2013; Sundelacruz et al., 2009; Yang and Blackenbury, 2013]. 
Several signal transduction pathways (Figure 12) related to electrotaxis could depend on Vm 
caused by the interactions between ion channels and other signaling proteins such as integrins. It can 
involve different membrane proteins, such as ion channels, transporters, receptors and the actin 
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cytoskeleton, and may involve Ca
2+
 signaling. However, the fundamental transduction mechanism by 
which cells initially detect the presence of an applied EF is not known yet. 
 
Figure 12 – Integration of bioelectric signals with canonical pathways. (A) Expression of ion channels or pumps, gap 
junctional connections, or epithelial damage all give rise to bioelectric signals. (B) These signals manifest as changes in 
transmembrane potential, pH gradients, specific ion flows, or electric fields. In the first two rows, pinkshading indicates 
non-cell-autonomous signals while purple indicates cell-autonomous cues. Some nodes are both. (C) These processes are 
transduced via a variety of proximal epigenetic mechanisms including voltage-sensing domains on proteins, electro-
osmosis, gating of morphogen transporters, and movement of specific ions like calcium. Green indicates a true electrical 
effect, while yellow indicates a biochemical effect due to ion identity. (D) These processes feed into several known genetic 
signaling pathways, including NF-kB, Notch, PTEN, Slug/Sox10, and Integrins. (E) Downstream of these signaling 
molecules are changes in cell cycle, apoptosis, position, orientation, and differentiation. (F) The ultimate result of 
orchestrated changes in cell behavior are morphogenetic processes including patterning of blastemas and embryonic fields, 
polarity decisions on several scales, and polling of remote tissues that enable wounds to decide what already exists and what 
must be recreated. The arrows indicate sample cases where the whole pathway has been traced for bioelectrical control of 
patterning (extracted from Levin, 2009). 
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Over the past 15 years, a number of membrane receptors have been identified as components of 
the signaling pathway required for cells to initiate and sustain electrotaxis: epidermal growth factor 
receptors (EGFR), α6β4 integrins, β1 integrins, Ca2+ ions, and cytoplasmic signaling proteins (protein 
kinase A (PKA), 3'-5'-cyclic adenosine monophosphate (cAMP), extracellular signal-regulated kinase 
(ERK), p38 mitogen-activated kinase (MAPK), cellular sarcoma gene family kinase (Src), protein 
kinase B (PKB), serine/threonine-specific protein kinase (Akt) and phosphatidylinositol-3 kinase 
(PI3K)) [Bortner et al., 2001; Gao et al., 2011; Hart et al., 2013; Levin, 2007]. 
The ability to measure Vm has improved significantly with the development of fluorescent Vm 
reporting dyes. The dyes work as reporters because the intensity of their fluorescence varies with 
membrane potential. Although the mechanisms are not completely understood, there are currently two 
ways that this is believed to occur: 1) a charged dye molecule accumulates, disperses or moves within 
the membrane in proportion to the charge on the membrane, or 2) the color or intensity of a fluorophore 
varies as a protein undergoes conformational changes in response to membrane potential. DiBAC4(3) 
(described in section 3.2) is an example of the former. These negatively charged molecules enter the 
cell and associate with the positively charged membrane of depolarized cells. Conversely, when the 
membrane is negative, these molecules leave the cell and cease to be fluorescent. The number of 
molecules fluorescing determines the brightness of the signal thus signal intensity is a readout of the 
charge on the membrane [Adams and Levin, 2013]. 
1.6 MITOCHONDRIAL MEMBRANE POTENTIAL AND MITOCHONDRIAL CALCIUM 
Mitochondria are organelles that provide the majority of the energy in most cells because of 
their synthesis of ATP by oxidative phosphorylation. They also have other roles, including a 
contribution to intracellular calcium homeostasis, and are critical for many cellular function including 
growth, division and energy metabolism in the cells. In addition of being the source of energy that 
supports life under aerobic conditions, mitochondria can also be the source of signals that initiates 
apoptotic cell death. Mitochondria contain key regulators of caspase, a family of proteases that are 
major factor in many apoptotic processes. In most kinds of apoptosis, an early signal for the 
programmed cell death is a decrease of the mitochondria membrane potential (MMP), as substantial 
loss of MMP favors the opening of the mitochondria permeability transition pore and the release of 
proapoptotic factors. However, the existing literature suggests that depending on the cell system under 
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investigation, decrease of MMP may or may not be an early event in the apoptotic pathway [Bortner 
and Cidlowski, 1999; Bortner et al., 2001; Gottlieb et al., 2003; Jiang et al., 2008; Zhao et al., 2013].  
Mitochondria utilize oxidizable substrates to produce a membrane potential in the form of a 
proton gradient across the mitochondria inner membrane. The MMP can be decreased by several 
mechanisms including deficiency of oxidizable substrates for the mitochondria, blockage of respiration, 
uncoupling of the inner membrane or stimulation with electric fields. Mitochondrial ATP synthesis 
depends on the proton motive force and consequently on the mitochondrial membrane potential. The 
mitochondrial membrane potential typically decreases when ATP synthesis is rapid but is also 
influenced in intact cells by substrate availability. Another important role of the MMP is to provide the 
driving force for calcium sequestration given the localized calcium oscillations may be important for 
cell movement. Mitochondrial depolarization is proposed to occur through the opening of permeability 
transition pores (PTP) (Figure 13), located on the inner mitochondrial membrane, disrupting the 
membrane potential by permitting the redistribution of ions across the membrane. But, if mitochondria 
permeability transition (MPT) occurs to only a slight extent, the cell may recover. Moreover, 
compounds which directly dissipate the MMP, such as CCCP, do not induce MPT and do not rapidly 
induces apoptosis, indicating that changes in MMP are not necessarily leading to apoptosis in all 
systems. Early loss of MMP may occur independently of caspase activation [Gottlieb et al., 2003; 
Kovacs et al., 2005; Ly et al., 2003; Yao et al., 2009; Zhao et al., 2013]. 
 
Figure 13 – Loss of mitochondrial membrane potential due to the opening of the permeability transition pores (mPTP) 
present in the inner membrane of the mitochondria (modified from Congenia, n.d.)  
It was shown that changes in MMP evoked by a prolonged (15 s) depolarization step above the 
threshold of -40 mV were dependent on Ca
2+
 ion influx through voltage-gated channels. According to 
Kovacs et al. (2005), there may be at least three mechanisms by which [Ca]i rise can lead to 
mitochondria depolarization: 1) the mitochondria Ca
2+
 uptake via Ca
2+
 ion uniporter, which represents 
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the major pathway of Ca
2+
 ion uptake into mitochondria; 2) the Ca
2+





 exchanger; and 3) the Ca
2+
 ion induced opening of the mitochondria 
permeability transition pores. Mitochondrial membrane depolarization is linked to a decrease in the 
mitochondrial calcium, possibly through the opening of the PTP. Mitochondrial calcium plays a crucial 
role in mitochondrial metabolism: 1) in the regulation of ATP production by modulating three key Ca
2+
 
sensitive dehydrogenases involved in the citric acid cycle; 2) in cell calcium handling, by the 
modulation of cytosolic calcium signaling, sequestrating local and whole cellular Ca
2+
; and 3) in cell 
death, in the induction of apoptosis by releasing cytochrome C. However, some mechanisms 
concerning mitochondrial calcium regulation are still unknown, especially how mitochondrial calcium 
couples with cytosolic calcium. The calcium content of mitochondria within resting cells is believed to 
be low, yet isolated mitochondria can accumulate large quantities of Ca
2+
 when it is provided to them. 
The uptake of Ca
2+
 into mitochondria was often considered to require pathological levels of 
cytoplasmic Ca
2+
. Because elevated [Ca
2+
]i increase the activity of key metabolic enzymes of 
mitochondria, reversible uptake of Ca
2+
 into mitochondria is proposed to coordinate energy production 
to cellular needs. Accumulation by mitochondria also is important for cellular Ca
2+
 homeostasis. 
Mitochondria take up Ca
2+
 that enters through voltage-gated Ca
2+
 channels and also from the 
intracellular stores [Babcock et al., 1997; Chen et al., 2011; Iguchi et al., 2012; Kovacs et al., 2005]. 
1.7 ELECTRIC FIELD EFFECTS ON THE MORPHOLOGY OF CELLS 
In response to directional stimulus (an applied dcEF), cells become dynamically polarized; they 
extend membrane protrusions, elongate and form a leading edge towards the direction of the cues. In 
this context, acquiring spatial asymmetry is a necessary and early event in establishing polarized 
leading and trailing edges [Han et al., 2009]. Cell polarization is essential, once cells have to polarize 
and organize their internal organelles (Figure 14) to efficiently move from one position to another 
during migration. During cell polarization and migration occur reorientation of the microtubule-
organizing center (MTOC), and the Golgi apparatus (GA) in the direction of the migration and 
coordinated reorganization of the actin cytoskeleton and microtubules (MT) in the leading process. 
Centrossome splitting also occurs, as well as myosin contraction at the rear and nuclear translocation 
toward the displaced MTOC and GA [Cao et al., 2011; Millarte and Farhan, 2012; Onuma and Hui, 
1988; Yao et al., 2009]. 
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Actin cytoskeleton is directly involved in cell polarization and migration. It was already shown 
that in electrically stimulated cells, the stress fibers became orientated along to the field and a band of 
actin became associated with the lamellae at the cathode edge and at the end of the cell. 
 
Figure 14 – Elongated cell showing the GA, MTOC, actin, nuclear and microtubule positioning during cell migration 
(modified from Vicente-Manzanares et al., 2009). 
Actin dynamics provides the major force for cell movement and actin polymerization at the 
plasma membrane drives protrusion formation. In order to form lamellipodia, actin form branched 
filaments and for spike-like protrusion (filopodia) actin filaments are bundled. Actin dynamics at the 
plasma membrane are orchestrated mainly by Rho family GTPases. In addition, lipids and other 
proteins may provide spatial information and thereby contribute to overall actin regulation. 
The microtubules also play an important role in cell polarity and motility in many cell types. 
Microtubules per se and via their numerous interacting proteins (microtubule-associated motors and 
microtubule-associated proteins) can contact and modify cell membranes, influence adhesive 
structures, interact with other cytoskeletal elements and participate in signaling pathways. To support 
the asymmetry of polarized cells, microtubules have to be organized asymmetrically themselves. 
Microtubules are functionally polarized in that the two ends display different polymerization kinects, at 
the (+) ends, the critical concentration for assembly is lower than at the (–) end. The polarity 
orientation of microtubule plays an important role in its function. Even small alterations in microtubule 
dynamic can influence cell migration via several different microtubule-dependent pathways. Various 
Actin and microtubules 
accumulation on the 
Trailing edge
Repositioning of 
MTOC, GA and 
accumulation of
the majority of 
Actin in the  
lading edge
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microtubule-associated proteins (MAP) have been implicated in the regulation of cell migration 
direction of the polarization of cells [Kaverina and Straube, 2011; Troutt and Burnside, 1988]. 
In some relatively small cells, such as keratocytes or leukocytes, actin polymerization is 
responsible for membrane extension, which creates a very active lamellipodium in which microtubules 
are totally dispensable and generally absent. In contrast, in astrocytes, the lamellipodium is extremely 
limited, and a large population of microtubules comes in close proximity to the leading edge. Also in 
neurons, a dense microtubules network fills the axon. However, most cell types, including fibroblasts 
epithelial cells and endothelial cells, rely on both actin and microtubules to generate membrane 
protrusions. In these cases, most microtubules do not enter the lamellipodium, which is dense in actin 
and from which they are continuously expelled by actin retrograde flow. But, dynamic MTs, which 
rapidly penetrate all cytoplasmic regions, are required for migration [Etienne-Manneville, 2013; 
Finkelstein et al., 2003]. 
Microtubules are also important in the cell migration for GA morphology and MTOC 
polarization [Magdalena et al., 2003b; Mogilner and Keren, 2009]. In the absence of microtubules, the 
Golgi ribbon is fragmented and reorganizes into numerous distributed “ministacks” which nevertheless 
remain competent for processing and secretion. Polarity cues that trigger GA reorientation occur in 
order to build a network of stabilized microtubules focused on the leading edge [Yadav et al., 2009]. 
Several factors have been indentified to control MT-dependent Golgi positioning which include small 
GTPases like Arf1 or Cdc42 and their regulators. Depletion of several kinases and phosphatases was 
also shown to alter Golgi structure and inhibit the directional cell migration [Chabin-Brion et al., 2001; 
Farhan et al., 2010; Millarte and Farhan, 2012; Miller et al., 2009; Preisinger et al., 2004]. 
The Golgi complex colocalizes with the MTOC and its rapid and synchronized reorientation 
along with MTOC is thought to facilitate polarized secretion thereby providing membrane and secreted 
products directly to the most proximate plasma membrane such as the leading edge in migrating cells. 
It is known that secretion is required and becomes directed to the leading edge during polarity 
response. The Golgi localizes to the juxtanuclear region and is intimately associated with the 
centrossome. The orientation of the Golgi to the leading edge is generally coupled to the movement of 
the centrossome which implies a functional relationship between these two organelles [Hale et al., 
2011; Millarte and Farhan, 2012; Pu and Zhao, 2005; Yadav et al., 2009]. 
Epithelial cells maintain basal-apical polarity by positioning their centrossome above the 
nucleus, whereas in several other cell types (astrocytes, fibroblasts, epithelial sheets, for example) the 
MTOC is relocated between the nucleus and the leading edge of the cell during migration, creating a 
polarized morphology. Evidences suggest 3 primary forces that act on MT to position the MTOC in the 
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cells: 1) strong dynein pulling force; 2) weak myosin-powered actin drag; 3) anti-centering force from 
MT growth in the cell. Nuclear positioning is also determined by MT and actin network, to which the 
nucleus can directly tether through the linker of nucleoskeleton and cytoskeleton (LINC) complex 
proteins. Although MT growth and dynamics can directly affect positioning, actin cytoskeleton can 
also affect MTOC positioning through cytoskeletal linker such as plectin that couple MT to myosin-
powered actin retrograde flow [Hale et al., 2011]. 
In most cell types, the centrossome serves as a major microtubules organizing center. However, 
the Golgi complex has recently been shown to participate in microtubule network organization in some 
cell types. The distinction between centrossomal and golgi-derived microtubules functions arises from 
their geometry and orientation within the cell. Centrossomes organize symmetric MT arrays of uniform 
polarity, where MT (–) ends are embedded in the centrossome while the highly dynamic (+) ends 
extend towards the cell periphery. In sharp contrast to the centrossome, MT arrays organized by the 
Golgi are inherently asymmetric. CLASPs are (+)-end MT binding proteins and are critical players in 
the noncentrossomal MT nucleation at the trans-Golgi network [Efimov et al., 2007; Etienne-
Manneville, 2013; Miller et al., 2009]. 
1.8 PHOTORECEPTORS AND EYE DISEASES 
A photoreceptor cell is a specialized type of neuron found in the retina that is capable of 
phototransduction. It is a highly polarized cell with regard to shape, its integration into two different 
retinal compartments and the polar distribution of ions gradients. Details from the eye structures and 
retinal layers are shown in Figure 15. 
The photoreceptor cell polarity is generated by a circulating current, known as dark current, 
which flows along the cell in dark-adapted living specimens, carried mainly by sodium and calcium 
ions. Intact photoreceptor rod outer segments (ROS) are permanent dipoles; their polarity is very 
probably related to the dark current, due to asymmetrical distribution of specific pumps along the 
plasma membrane. Furthermore, cell polarity is dependent on functioning of membrane ion pumps, 
which provide a continuous flow of the dark current along the cell [Pologea-Moraru et al., 1998]. 
All cytoplasmatic microtubules in photoreceptors are orientated with (+) ends directed toward 
the synapse and (–) ends towards the basal body at the base of the outer segment. It was demonstrated 
that the polarity orientation of the microtubule array of teleost photoreceptors are precisely organized 
[Troutt and Burnside, 1988]. 
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Figure 15 – (A) Schematic cross section view of the eye structure. At the eye front is the cornea, which is the clear part of 
the eye’s protective covering that allows light to enter the eye. The iris is the colored part of the eye that contracts and 
expands so the pupil can let just the right amount of light into the eye. The light is directed by the pupil to the lens. The lens 
focuses the light onto the retina (lining the back of the eye). Nerve fibers in the retina carry images to the brain through the 
optic nerve. (B) Different cell layers present in the retina (modified from http://eyesonscience.com). 
Photoreceptors dystrophies (Figure 16) are one of the major causes of inherited blindness in the 
western world [Sarra et al., 2001]. Dysfunction or injury to retinal cells, like retinal pigment epithelium 
(RPE) or photoreceptors, has been linked to many devastating eye disorders, including age-related 
macular degeneration (AMD) [AMD, 2006], occult macular dystrophy (OMD) [Li and Kishi, 2007], 
retinitis pigmentosa [Retinitis pigmentosa, 2014] and proliferative vitreoretinopathy (PVR) [Giaume et 
al., 2007; Han et al., 2009]. In addition, it has been shown that damage and loss of RPE cells is 
followed by degeneration and loss of photoreceptors, especially involving loss of the outer segments 
[Gamboa et al., 2010]. 
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Figure 16 – Some examples of eye diseases that affect the photoreceptors and the outer segment layer. (A) Retinitis 
pigmentosa with progressive loss of photoreceptors. (B) Age-related Macular Degeneration (AMD) with retina atrophy and 
loss of photoreceptors and epithelial cells causing loss of the central vision. (C) In the proliferative vitreoretinopathy occurs 
retinal detachment and subsequent disorganized proliferation and migration of cells. (D) Occult Macular Dystrophy (OMD) 
with dysfunction or degeneration of the outer segment from photoreceptors and disappearance of the inner-outer segment 
line (modified from AMD, 2006; Giaume et al., 2007; Li and Kishi, 2007; Retinitis pigmentosa, 2014]. 
Application of EFs could be used as a cue to direct RPE and photoreceptors cells to growth 
towards the damaged tissue, apart from the possibility of regeneration of these cells and possibly, also 
regeneration of the outer segments in photoreceptors. Pai et al. (2012) have demonstrated that Vm is a 
crucial upstream signal in eye development. During eye induction, hyperpolarization was required for 
normal eye development. Induction of outer segment was shown to be possible with gene replacement 
therapy, using an adeno-associated vector. Moreover, studies of retinal regeneration have shown that in 
cold-blooded vertebrates the neural retina is reconstituted by regenerative neurogenesis following its 









The aim of this project is to investigate the effects of dcEF on the polarization and migration of 
photoreceptor-like cells and to study metabolic and morphological changes on the migrating cells, and 
furthermore, explore possible involved mechanisms. We intend to demonstrate that the establishment 
of photoreceptor-like cell polarity and the polarization of intracellular structures are regulated by an 
extracellular electrical cue. As a complementary study, we want to investigate the hypothesis that dcEF 





3 MATERIALS AND METHODS 
In order to achieve the objectives mentioned above we conducted a series of different 
experiments. First, we submitted a cell line, proved as a good model of the photoreceptor cells, to 
different dcEF intensities (of physiological levels) during different times of exposition (see Appendix 
C). Cells were seeded in low concentration to allow visualization of single cells. As the cells used are 
adherent-type, it was not necessary to add any substrate to the slides. We chose to use Ibidi µ-slides as 
it is a well established device in the literature for migration assays in 2D, it has good properties 
(dimensions, thickness, autofluorescence, etc.) and it is easy to handle.  
The setup for the cells stimulation was used successfully in previous works [Aryasomayajula, 
2013; Bola, 2012; Perike, 2011]. In this setup, EF is applied indirectly and the ionic current flow is not 
differentiated from the electric field. Platinum electrodes from the power supply were connected to the 
beakers (with saline solution) and the beakers were connected to the slides through agar bridges, in a 
way to avoid contamination of the culture medium with products of the breakage of the metallic 
electrode (see details of the setup in the section 3.3). A voltmeter was used to measure the EF strength 
at the slides and ensure that the chosen voltage value was kept constant throughout the experiment, 
especially considering the reduction of resistance from the medium along the experiment. This 
assembly was made inside a camera where temperature and [CO2] were controlled, thus allowing live 
imaging experiments. We observed the cells through an inverted microscope supplied with settings 
ideal for phase-contrast and fluorescent imaging. In the migration assay, we observed the cells under 
the microscope during their exposure to dcEF. The migration videos were analyzed later using specific 
software for tracking the cell movement in the presence and absence of an applied EF. Through this 
analysis, we quantified the averaged speed, displacement and directedness of the cells. We also 
calculated the center of mass to be able to represent the position of all cells at the end of the experiment 
with a single point. To confirm the directional movement of the cells, we conducted experiments of 
reversal of the electrodes, just changing the position of the electrodes in the power supply. 
After the analysis and quantification of cell migration, the second kind of experiment conducted 
was related to the use of specific reporter dyes. We wanted to investigate the changes in the plasma and 
mitochondrial membrane potential during dcEF exposure. For that, we used live imaging in the 
fluorescence microscopy and flow cytometry. Fluorescence microscopy is a technique that allows 
observing directly the course of the experiment, but with a limited number of cells. The reason why we 
also employed flow cytometry analysis (another technique for quantification of fluorescence), is 
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because it makes possible the analysis of a large number of cells. The dyes used are well established in 
the literature as reporters of plasma and mitochondria membrane potential, specifically. The images 
from fluorescence microscopy were analyzed afterwards by means of specific software, which allowed 
a posteriori consideration of the area from which the fluorescence intensity was measured and the 
undesirable background. 
Real-time measurements for plasma membrane potential were also made and are shown in the 
Appendix A. For this analysis the area of the measurements was not kept constant and a further 
analysis was necessary to prove that the areas from control group and stimulated cells were not 
significantly different. As we did observe changes in both plasma and mitochondrial membranes, we 
evaluated the possible cytotoxic effect to the cells of the applied dcEF using a LIVE/DEAD assay. This 
viability assay uses some cells properties to mark live and dead cells. Thus, we were able to quantify 
the death rate related to dcEF exposure. 
In the third kind of experiment we used immunofluorescence and transfection techniques to 
answer whether organelles and cytoskeletal proteins were changing position within the cells due to the 
application of dcEF. In the immunofluorescence experiments the cells were fixed immediately after 
exposition to dcEF, conserving the exact position of the structures after the stimulation. In this kind of 
experiment we used different antibodies (primary and secondary), known as markers of the structures 
we wanted to investigate. Transfection procedures genetically manipulate the cell in order to mark the 
desired structures. They allow live imaging, once they do not include the fixation step, but they 
increase the sensitivity of the cells to the dcEF. 
The analysis of immunofluorescence and transfection results (also some results from the 
experiments using dyes) involved the division of the cells in cathode and anode sides. Firstly the cells 
were divided in 4 quadrants as described in some works in the literature (e.g. Yao et at. 2009). But as 
the cell line studied here differ in shape from the cells showed in such as studies and for in our case the 
cells became significantly elongated after dcEF exposure, we decided to concentrate our analysis 
dividing the cells only in 2 equal halves (more details in the section 3.4.2). 
Primary photoreceptor cells were also used to confirm the results found with the cell line. As 
the experiments with primary photoreceptor cells were a preliminary study and need further 
investigation, all the data related to them are shown in the Appendix B. 
Once we collected all data, the next step was to choose a statistical method to confirm that in 
fact, the exposure to dcEF caused a significant effect on the cells, differentiating them from the control 
group. As we needed to compare more than 2 groups, we chose to use ANOVA. Before calculating the 
statistics itself, we test all data groups for normality. Data with non normal distribution were analyzed 
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with Kruskal-Wallis, a nonparametric version of classical one-way ANOVA. As we performed several 
tests simultaneously, we used Bonferroni corrections to adjust the p-values. We chose to normalize all 
the data by the control to facilitate the visualization of the results. 
3.1 CELLS CULTURE AND PREPARATION 
In order to study the normal behavior of cells, animal cells can be used as a good experimental 
model. Experiments conducted in vitro with animal cells give a preliminary in vivo understanding of 
functionality of whole tissues and organs. For cell culturing, cells are first isolated from the required 
tissue and then seeded into culture flasks and grown in a sterile environment. In this study we used an 
immortalized mouse retinal cell line, 661W cells, kindly provided by Dr. Muayyad Al-Ubaidi 
(Department of Cell Biology, University of Oklahoma Health Sciences Center, OK, USA). 661W cells, 
also referred in the text as photoreceptor-like cells, demonstrate cellular and biochemical characteristics 
exhibited by cone photoreceptor cells [Tan et al., 2004]. 
Routine procedures for cell culture and preparation were used. 661W cells were cultured in 
Dulbecco’s modified Eagle Medium (DMEM) (Gibco®, Germany) supplemented with 10% fetal calf 
serum (FCS) (Biochrom, Germany). Cells were used for cell motility assays, ion imaging, flow 
cytometry, immunofluorescence, live-dead assay and transfection studies. All these techniques are 
described in the next sections. Cultures were maintained at 37 ºC in humidified air and 5% CO2. The 
cells were sub-cultured every third day for routine cell cultures. A day before each experiment, the 
flask (T-25) containing the cells was gently rinsed with PBS (Biochrom, Germany) to remove all traces 
of serum that contain trypsin inhibitors. Then 500 μl of 0.05/0.02% Trypsin/EDTA (Biochrom, 
Germany) solution was added to flask for 5 min at 37 ºC. Trypsin activity is neutralized by adding 
10.0 ml of complete growth medium and the suspension is transferred into centrifugation tube by gentle 
pipetting. Cells count was determined by using a cell counter (CASY
®
, Germany). For all the 
experiments, 100 µl of cell suspension with density of 5104 to 1105 cell/ml were seeded into the 
channels of an Ibidi µ-slide (Ibidi, Germany). The seeded slides were left undisturbed at 37 ºC, 5% CO2 
for 2 h and then were supplemented with the growth medium until the next day during which the cells 
adhere and spread on the surface. 
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3.2 EXPERIMENTAL SOLUTIONS 
Cell migration during motility assays were observed in growth medium. During the EF 
experiments, 0.9% NaCl in double distilled water was used as an electrolyte and 2% agarose (Peqlab, 
Germany) in phosphate-buffered saline (PBS) was used for preparing the agar bridges. The buffers 
used during flow cytometry were HBSS (Hank’s Balanced Salt Solution) and high KCl HBSS. The 
solution of standard HBSS has 140 mM NaCl, 4.6 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM D-
Glucose and 20 mM HEPES; whereas the high KCl HBSS contains 140 mM KCl, 2 mM CaCl2, 1 mM 
MgCl2, 10 mM D-Glucose and 20 mM HEPES. PBS solution used during the immunofluorescence was 
also used as washing buffer, as for diluting the PFA and in preparation of 2% BSA. The PBS contained 
(mM/l): 137 NaCl, 2.7 KCl, 10 Na2HPO4 and 2 KH2PO4. 2.5% DABKO (in PBS/Glycerol) (Sigma 
Aldrich, Germany) was used as mounting solution. 
Dyes 
A dye is a colored substance that has an affinity to the substrate to which it is being applied. 
Dyes are used for intravital coloration of living cells, staining tissues and microorganisms, as 
antiseptics and germicides, and some as stimulants of epithelial growth. Fluorescent dyes have the 
unique property of absorbing in the UV range and emitting in the visible range of the color spectrum. 
We used two different dyes in this work: DiBAC4(3) and JC-1. 
DiBAC4(3) (bis-(1,3-dibutylbarbituric acid)trimethine oxonol) (Molecular probes, Germany) is 
a sensitive slow-response probe for measuring cellular membrane potential. Slow-response probes 
exhibit potential-dependent changes in their transmembrane distribution that are accompanied by a 
fluorescence change. This dye can enter depolarized cells where it binds to intracellular proteins or 
membrane and exhibits enhanced fluorescence and a red spectral shift. Increased depolarization results 
in additional influx of the anionic dye and an increase in fluorescence. Conversely, hyperpolarization is 
indicated by a decrease in fluorescence. As shown in Figure 17, this dye has an excitation maximum of 
~494 nm (488 nm argon ion or solid state) and emission maximum of ~518 nm (520-530 nm band 
pass). DiBAC4(3) dyes are excluded from mitochondria because of their overall negative charge, 
making them superior to carbocyanines for measuring plasma membrane potentials [Adams et al., 
2006; Lloyd et al., 2000; Maldonado et al., 2010; Özkucur et al., 2011]. 
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Figure 17 – Excitation (absorption) and fluorescence (emission) spectra of FITC (modified from Mason, 1999). 
Gramicidin (5 μM) diluted in a high KCl HBSS buffer, was used as positive control for 
membrane depolarization. This substance is a channel-forming peptide selective to monovalent cations. 
The incorporation of gramicidin depolarizes the plasma membrane [Callies et al., 2011; McKhann et 
al., 1997; Shapiro, 2004]. 
JC-1 (Lifetechnologies, Germany) is a membrane permeable dye widely used for determining 
mitochondrial membrane potential in flow cytometry and fluorescent microscopy (described in the next 
sections). JC-1 dye is used in apoptosis studies to monitor mitochondrial health. This dye can be used 
as an indicator of mitochondrial membrane potential in a variety of cell types, including myocytes and 
neurons, as well as in intact tissues and isolated mitochondria. Probes that detect mitochondrial 
membrane potential are positively charged, causing them to accumulate in the electronegative interior 
of the mitochondria. Mitochondrion-selective reagents enable researchers to probe mitochondrial 
activity, localization and abundance, as well as to monitor the effects of some pharmacological agents, 
such as anesthetics that alter mitochondrial function. JC-1 dye exhibits potential-dependent 
accumulation in mitochondria, indicated by a fluorescence emission shift from green (~529 nm) to red 
(~590 nm). Consequently, mitochondrial depolarization is indicated by a decrease in the red/green 
fluorescence intensity ratio. The potential-sensitive color shift is due to concentration-dependent 
formation of red fluorescent J-aggregates. A flow cytometer, fluorescence microscope, or plate reader 
equipped with laser/fluorescent filters is capable of detecting the J-aggregates form of JC-1 using an 
excitation of 520-570 nm and an emission at 570-610 nm as well as the monomeric form of JC-1 at 
excitation and emission wavelengths of 485 and 535 nm, respectively [Keil et al., 2011; Reers et al., 
1991; 1995; Salvioli et al., 1997]. 
CCCP (Carbonylcyanide m-chlorophenylhydrazone) (100 μM) is the positive control used for 
mitochondrial membrane potential. CCCP causes quick mitochondrial membrane depolarization, 
greatly reducing the red fluorescence signal, thus providing a green-signal only positive control. CCCP 
creates a strong, single positive green fluorescence control [Ishihara et al., 2003; Lim et al., 2001]. 
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Primary Antibodies 
Immunofluorescence is a powerful technique that utilizes fluorescent-labeled antibodies to 
detect specific target antigens. The principle of indirect immunofluorescence with usage of primary and 
secondary antibodies as used in this work is shown in Figure 18 (more details on the method may be 
found in the section 3.7). 
 
Figure 18 – Indirect immunofluorescence technique using two steps: primary and secondary antibodies. The primary 
antibody is unconjugated and a fluorophore-conjugated secondary antibody directed against the primary antibody is used for 
detection (extracted from Lab6, 2015). 
Mouse monoclonal anti-β-COP (Sigma-Aldrich, Germany) recognizes an epitope in the β-COP 
protein (110 kDa) found in most tissue culture lines. These coatomer proteins (COPs) are involved in 
regulating transport between the endoplasmic reticulum (ER) and the Golgi complex and in intra-Golgi 
transport. Monoclonal anti-β-COP antibody produced in mice may be used for the localization of β-
COP using immunoprecipitation, immunocytochemistry and immunoblotting [Duden et al., 1991; 
Griffiths et al., 1995; Peter et al., 1993]. 
Rabbit polyclonal anti-β-III-tubulin (Abcam, Germany) is the major constituent of 
microtubules. The immunizing sequence is found in both β-III and β-IV tubulin. It binds two moles of 
GTP, one at an exchangeable site on the β chain and one at a non-exchangeable site on the α-chain. It 
plays a critical role in proper axon guidance and maintenance [Cáceres et al., 1986; Tuszynski et al., 
2006]. 
Rabbit polyclonal anti-γ-tubulin (Abcam, Germany) is a centrosome marker and does not react 
with α or β-tubulin. The immunogen sequence is found in both γ-tubulin 1 and γ-tubulin 2. γ-tubulin is 
found at microtubule organizing centers (MTOC) such as the spindle poles or the centrosome [Gueth-
Hallonet et al., 1993; Joshi, 1993; Oakley et al., 1990]. 
Mouse monoclonal anti-γ-tubulin (Sigma-Aldrich, Germany) recognizes an epitope located in 
the N-terminal amino acids 38-53 of γ-tubulin (48 kDa). γ-tubulin is a ubiquitous and highly conserved 
protein within the microtubule organizing centers (MTOC) in eukaryotic cells. γ-tubulin binds 
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microtubule (–) ends and is responsible for mediating the link between microtubules and the 
centrosome. 
DAPI (Sigma-Aldrich, Germany) (4′,6-Diamidino-2-phenylindole dihydrochloride) is a cell 
permeable fluorescent dye for nucleic acid staining. A popular nuclear and chromosome counterstain, 
DAPI emits blue fluorescence upon binding to regions of DNA. Although the dye is cell impermeant, 
higher concentrations will enter a live cell. Excitation and emission from DAPI is shown in Figure 19. 
Figure 19 – Fluorescence excitation/emission spectra of DAPI bound to DNA (extracted from Life Technologies, n.d.). 
Secondary antibodies 
FITC (fluorescein isothiocyanate – 390 Da) polyclonal Goat anti-rabbit (Jackson Immuno 
Research Laboratories, USA). Anti-rabbit secondary antibodies are affinity-purified antibodies with 
well-characterized specificity for rabbit immunoglobulins and are useful in the detection, sorting or 
purification of its specified target. They have an absorption wavelength of 495 nm and emission 
wavelength of 528 nm. The fluorochrome/protein ratio is 2.7 moles FITC per mole of Goat IgG. 
Texas Red
™
 (sulfonyl chloride – 625 Da) polyclonal Goat anti-mouse (Jackson 
ImmunoResearch Laboratories, USA). Anti-mouse secondary antibodies are affinity-purified 
antibodies with well-characterized specificity for mouse immunoglobulins and are useful in the 
detection, sorting or purification of its specified target. They have an absorption wavelength of 596 nm 
and emission wavelength of 620 nm. The fluorochrome/protein ratio is 4.9 moles Texas Red
™
 per mole 
of Rabbit IgG 
Plasmids 
A plasmid is a small, circular, double-stranded DNA molecule that is distinct from a cell 
chromosomal DNA. It can be used as a tool to clone, transfer, and manipulate genes. Plasmids that are 
used experimentally for these purposes are called vectors. DNA fragments or genes can be inserted into 
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a plasmid vector, creating a so-called recombinant plasmid. Transfection is the process of deliberately 
introducing nucleic acids into cells, and is a powerful tool used to study and control gene expression. 
Protocols and techniques vary widely and include lipid transfection and chemical and physical methods 
such as electroporation. Here we used two different plasmids, for β-actin and mitochondrial calcium. 
pAcGFP1-Actin (Clontech Laboratories, USA) encodes a green fluorescent protein (GFP) from 
Aequorea coerulescens and the gene encoding human cytoplasmic β-actin [Liebl and Griffiths, 2009; 
Lin et al., 2015; Xu et al., 2010]. 
Mito-GCaMP2 is a genetically encoded mitochondrial calcium indicator, constructed by adding 
the mitochondrial targeting sequence of cytochrome oxidase (subunit VIII) before the sequence of a 
genetically encoded calcium indicator, GCaMP2. The Mito-GCaMP2 was kindly provided by Dr. 
Xianhua Wang (Beijing University, China) [Chen et al., 2011; Iguchi et al., 2012; Qiu et al., 2013]. 
Details in the transfection protocol in the section 3.8. Technical information about both 
plasmids you find in the Appendix D. 
3.3 MIGRATION ASSAY 
The setup for dcEF stimulation is shown in Figure 20. Cells were seeded at low density in the 
μ-slides a day before the experiment. The dimensions of the channel on the μ-slides I (Ibidi, Germany) 
are 5×50×0.4 mm, with 100 μl-volume and 180 μm-thickness (standard bottom). The μ-slides were 
placed on the stage of an inverted microscope (Olympus IX81). Just prior to start of experiment, fresh 
medium was added to the channel of the μ-slide so that any cell remnants get washed off. A constant 
source of direct current (BioRad, Germany) was applied to the cells via two platinum electrodes 
(0.2 mm in diameter, Agar Scientific, UK) which were immersed in 0.9% NaCl filled beakers. On the 
other side, the platinum electrodes were connected to the medium reservoirs of the μ-slide chamber by 
two 20 cm-long agar bridges (2% agar in PBS). Electric fields were produced indirectly by the ionic 
current flown through the agar bridges. HBSS and cell culture media was used for the ion imaging and 
migration assay, respectively. Platinum electrodes and agar-bridges were used to avoid diffusion of the 
electrode products into the culture. A voltmeter (Voltcraft
®
 Meßtechnik, Germany) was used to 
measure the thresholds of current throughout the experiment to ensure that the EF strength was kept 
constant on the chosen value. 
Cells were exposed to dcEF strength of 3 V/cm and 5 V/cm (see Appendix C), consistent with 
the physiological dcEF and also with those applied in similar studies in other cell types [Cooper and 
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Keller, 1984; Funk, 2013; Levin, 2009; McCaig and Zhao, 1997; Messerli and Graham, 2011; 
Mycielska and Djamgoz, 2004; Nuccitelli, 2003b; Robinson, 1985; Robinson and Messerli, 2003; 
Wang and Zhao, 2010], for 5 h at 37 ºC in a chamber (Solent Scientific, UK) fixed to the inverted 
microscope or in an incubator. Cells without any electrical exposure were taken for the experiments 
control. 
 
Figure 20 – Scheme of the experimental set up used in the migration assay (A), consisting of a power supply, 2 beakers 
with saline solution (0.9% NaCl), 2 agar-bridges (2% agar), vital microscope (Olympus IX81) and cultivated cells in μ-
slides. B) simplified diagram of the respective electrical circuit formed by the electrodes (R0), agar bridges (R1) and medium 
(R2). 
The cells exposed to dcEF were monitored through the inverted microscope. Vital staining, 
immunofluorescence, flow cytometry, difference interference contrast (DIC) microscopy and time-
lapse video microscopy techniques were used to analyze cellular responses to dcEF stimulation. Note 
that, in this work we did not differentiate the effects from electric field by itself from the effects from 
the current flow carried by ions through the agar bridges. 
Cells cultivated in the μ-slides were exposed to dcEF of different voltages during 5 h, either in 
the incubator or under the microscope with controlled conditions (37 ºC, 5% CO2). After dcEF 
stimulation, morphology of the cells was observed and compared to the control cells: round, elongated, 
amorphous. The cell movement during dcEF stimulation, to cathode (–) or anode (+), was tracked 
using Cell^R (Olympus) software. We used manual settings for cell tracking, wherewith we calculated 
speed (μm/h), directedness (º) and displacement (μm) of migrating cells. Polar diagrams, showing the 
direction of the movement, were constructed using the software PSI plot. 
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In this work a total of 375 cells were tracked from 3 different experiments, 125 cells for each 
group: Control (0 V/cm), dcEF stimulation of: 3 V/cm and 5 V/cm. 
Experiments reversing the polarity of the applied dcEF were also conducted to verify the 
reliability of the directional response. In order to avoid interfering with the video recording, the polarity 
of the electrodes was changed directly from the power supply. 
The electric field strength inside the µ-slide was homogeneous during the whole experiment, 
once the channel dimensions (where the cells were seeded) was constant and the field was applied in 
only one direction. Besides, changes in the medium resistivity, that could alter the field strength 
(measured with the voltmeter) were compensated adjusting the voltage in the power supply (kept 
constant throughout the experiment). The homogeneity of the electric field strength was confirmed by 
simulations of the voltage inside a µ-slide. The simulation was conducted using ElectroNet Software 
(Infolytica) and also verified experimentally in the work from Aryasomayajula (2013). 
3.3.1. Center of mass 
Consider a system formed by two punctual particles of masses m1 and m2 located at positions       
and       measured with respect to a origin Q as shown in the Figure 21. The position of the center of 
mass (CoM) in this spatial coordinate system is obtained as: 
      
           
     
 
 
Figure 21 – Center of mass from a system of 2 particles (extracted from Scripts MIT, 2012). 
The concept of CoM can be extended to a system of N particles with masses   ,   , …    
located at the positions   ,   , …   : 
  CoM  
          





The center of mass is considered as a strong parameter for evaluating electrotaxis [Asano and 
Horn, 2013; Zengel et al., 2011]. The CoM of all 661W cells was calculated using OriginPro 9.0.0 
(Originlab
®
 Co., USA) to represent the spatial averaged point of all cells at the start and the end of 
experiments. This value represents the average length of migration for all cells. It is only one point, and 
the coordinates can be either positive or negative depending on the direction in which the cells 
population has drifted. 
In our case all the cells masses were normalized and considered equal to 1 (   = 1), and the 
spatial representation was reduced to 2-dimension. Thus, equation 3 becomes: 
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The difference between CoM at the beginning and the end of an experiment, known as 
displacement of the CoM, is calculated by equation 5, where (') refers to variables at the end of the 
experiment. 
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In a typical chemotaxis experiment, the displacement of the center of mass is time dependent. 
The longer the experimental takes, the bigger this displacement is [Asano and Horn, 2013; Zengel et 
al., 2011]. Figure 22 shows examples of CoM’s for directional and non directional migrating cells. 
 
Figure 22 – Examples of center of mass, indicated by the blue cross. Without any chemotaxis, the coordinates of CoM are 
not significantly different from (0,0), as seen in the control experiments (left). Strong chemotaxis effects are characterized 





3.4.1. Optical microscopy 
In order to study the migration behavior of cells, live imaging of cell migration tracks were 
recorded using an inverted microscope (the light is guided from the top side of the sample and the lens 
is below the sample) [Olympus, n.d.], equipped with illumination system MT 20, DIC components and 
an integrated vital microscopy chamber (Olympus, Germany) required for the maintenance of 
temperature and CO2 conditions in the case of long term cell migration experiment. Cells migration 
was monitored with a CCD camera (OBS MegaView) and the acquisition of images was controlled by 
XCELLENCE software (Olympus, version 1.2) (Figure 23). Photographs were taken in a 1 frame/min-
rate for 5 h (300 min) and a video was generated by merging all the photographs. Parameters such as 
migratory speed (μm/h) and translocation (μm) were analyzed using Cell^R program (Olympus, 
version 2.5). 
 
Figure 23 – System chart of the XCELLENCE system consisting of an inverted microscope (Olympus IX81), a CCD 
camera (OBS MegaView) with a Bayer mosaic RGB filter, an Illumination System MT20 bearing an arc burner (150 W 
Xe), a motorized filter wheel (8 positions), an attenuator and a shutter. It also contains a system coordinator / real-time 
controller for multi-task acquisition. Besides, a computer with all standard features, modified for hardware control and 
peripherals integration, a monitor and system-specific accessories (filter sets etc.) also integrate the system (extracted from 
XCELLENCE, Olympus, 2014). 
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The setup is equipped for bright field imaging, phase contrast imaging, DIC and fluorescence 
imaging in a whole range of magnifications (10 to 100×). Illumination is provided by Xe lamps that 
can be shuttered to reduce bleaching. In addition to a single band FITC filter (Excitation/Emission 
wavelength: 480 nm/530 nm), the setup contains a DAPI/FITC/Texas Red
™
 triple band filter 
(Excitation/ Emission wavelengths: 350, 492, 572 nm/ ~462, ~531, ~628 nm), which allows for quasi-
simultaneous imaging of different fluorescence channels. The microscope is connected to a computer 
where built-in software is used to precisely move the stage for selecting a good area for migration 
experiments. The software also adjusts the focal plane within the specified range to obtain the best 
image. 
3.4.2. Fluorescence microscopy 
Fluorescence microscopy is a method in which the distributions of fluorescent particles are 
observed in biological cells. In this method, fluorescent dye which is added to the cell suspension is 
used and functionalized to bind to specific targets in a cell [Fechine et al., 2004]. When these particles 
bind to specific sites, ultraviolet light (Xe lamp, in our case) is used to excite these particles and by 
using color filters (DAPI/FITC/Texas Red
™
 triple band filter) and defined wavelength the distribution 
of these particles can be studied. The intensity and wavelength of the light emitted by the particle 
depends on the binding of the particles to the target. The emitted light is then captured by a detector 
(CCD camera/OBS MegaView). 
Quantitative microscopy measurements are most often made on digital images. A digital image 
is created when the optical image of the specimen formed by the microscope is recorded by a detector, 
usually a CCD camera or photomultiplier tube, using a 2-dimensional grid of equally sized pixels. The 
pixels spatially sample the optical image, such that each pixel represents a defined finite sized area in a 
specific location in the specimen. During acquisition of the digital image, the photons that are detected 
at each pixel are converted to an intensity value that is correlated to, but not equal to, the number of 
detected photons. In fluorescence microscopy, the intensity value of a pixel is related to the number of 
fluorophores present at the corresponding area in the specimen. We can therefore use digital images to 
extract two types of information from fluorescence microscopy images: 1) spatial, which can be used to 
calculate such properties as distances, areas, and velocities; and 2) intensity, allowing determining the 
local concentration of fluorophores in a specimen [Mason, 1999; Waters, 2009]. Even though the 
fluorescence microscopy give insights about the changes in certain parameter studied, this method is 
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considered limited, given that the fluorescence intensity does not vary linearly with the quantity 
measured. 
Background intensity is unavoidable in fluorescence microscopy. In a digital image of a 
fluorescent specimen, background comes from a variety of sources, either from endogenous sample 
constituents (auto fluorescence) or from unbound or non-specific reagents. Possible causes are 
imperfect filter sets and the reflection of light at interfaces, the cover slip and the specimen. 
Background intensity reduces the contrast of the image. To accurately and precisely measure the signal 
of interest, it should be reduced as much as possible, and must be subtracted from measurements 
[Waters, 2009]. Working in a dark room can eliminate environmental light, but there will always be a 
certain amount of excitation light that reaches the camera. 
Fluorescence microscopy and flow cytometry were techniques used in order to quantify the 
fluorescence intensity from fluorescent dyes and antibodies (more details on the techniques in the next 
sections). Control cells and EF-exposed cells were treated with DiBAC4(3) and JC-1 in order to 
observe the effects of dcEF on the changes of plasma and mitochondrial membrane potential, 
respectively. Using immunofluorescence techniques, the cells were treated with specific primary and 
secondary antibodies to mark MTOC, GA and microtubules. 
To mark actin and mitochondrial calcium, the cells were transfected using specific reagents (see 
description of transfection protocol in the section 3.8). Nuclear DNA was marked with DAPI. To 
quantify polarization, the cell body of 661W cells was divided into a cathodal half and an anodal half 
by a line perpendicular to the applied EF and through the center of the cell (Figure 24). Structures in 
the center of the cell were not considered polarized. The percentage of fluorescence intensity in each 
half of the cells was calculated considering the total fluorescence exhibited in the cell. As this analysis 
involves equal halves, random polarization would result in 50% in each side. This criterion was used 
for scoring polarization of GA, MTOC, MT, actin and nucleus and also for the accumulation of the 
markers for plasma and mitochondria membrane depolarization and mitochondrial calcium. 
 














Cells treated with JC-1 and DiBAC4(3) were analyzed under the microscope and by flow 
cytometry. For fluorescence microscopy, the integrated density (ID) was measured using the software 
ImageJ. Integrated density is the sum of all the pixels in certain area (A) what is equivalent to the 
product of the area by the mean gray value. Mean gray value is the sum of the gray values of all the 
pixels in the selection divided by the number of pixels [Ferreira and Rasband, 2012]. For JC-1, the ID 
from both channels red (590 nm) and green (527 nm), was measured in the whole cell and the ratio red/ 
green was calculated. For immunofluorescence, the fluorescence intensity associated to each antibody 
was measured using ImageJ in the 2 halves of the cells. All the measurements were made considering 
reduction of background. For that, we used the corrected total cell fluorescence (CTCF) [Burgess et al., 
2010; Science Techblog, 2001] that is equal to the ID minus the product of the selected cell area by the 
mean fluorescence of background readings (Fb) (CTCF = ID - (AFb)). The measurements also involved 
normalization by the area (CTCF/A). We used 16-bit images (TIFF), with 2
16
 grey levels. All 
fluorescence measurements were made in arbitrary units (a.u.), which are grey levels for light (pixel) 
intensity (usually range from 0 to 65535 discrete levels, if in 16-bit). 
To investigate effects of dcEF in the plasma membrane potential, real-time measurements were 
also conducted under the microscope by using the software XCELLENCE. In this case, the 
fluorescence intensity was measured in the selected regions of interested (RoI). The grey-values along 
the time were given in a Excel
®
 table and used for further calculations. The results are shown in 
Appendix A. 
3.4.3. Phase contrast microscopy 
Bright-field microscopy cannot detect the details in a living cell because of the low contrast 
between structures with similar transparencies and insufficient natural pigmentation. To overcome this 
problem, a special form of optical microscopy can be used, called phase contrast microscopy. The 
principle of operation is based on the effect that high refractive structures bend light greater than 
structures that have a lower refractive index. It is particularly useful because the organelles have wide 
range in refractive indices. A more specialized method in phase contrast microscopy is called 
differential interference contrast microscopy (DIC). In this method, the image light intensity 
corresponds to the gradient of the optical wavelength of the specimen in focus and the edges are 




3.5. FLOW CYTOMETRY ANALYSIS 
Flow cytometry is a laser-based biophysical technology employed in cell counting, cell sorting, 
biomarker detection and protein engineering, by suspending cells in a stream of fluid and passing them 
by an electronic detection apparatus (Figure 25). 
Flow cytometry experiments were conducted using Fluorescence Activated Cell Sorter (FACS 
Calibur, BD GmbH, Heidelberg/Germany). All the flow cytometry analysis were accomplished using 
CellQuest Software. 
Figure 25 – Fluorescence activated cell sorting (FACS). (A) The process begins by placing the cells into a flask and forcing 
them to enter a small nozzle one at time. A vibrating mechanism causes the cells stream to break into individual droplets. As 
the cells flow down, they pass through a fluorescence measuring station where the fluorescent character of interest of each 
cell is measured. Some of the laser light is scattered by cells and is used to count the cells, and can also be used to measure 
the size of the cells. An electrical charging ring is placed just at the point where the stream breaks into droplets. A charge is 
placed on the ring based on the immediately prior fluorescence intensity measurement, and the opposite charge is trapped on 
the droplet as it breaks from the stream. The charged droplets then fall through an electrostatic deflection system that diverts 
droplets into containers, based upon their charge. (B) The antibody is bound to a protein that is uniquely expressed in the 
cells one want to measure. The fluorescence intensity emitted is proportional to the quantity of binding sites for the 
fluorescent compound on the cell/particle. So the more binding sites there are, the more fluorescence is emitted, and 
therefore the higher on the fluorescence intensity scale the data appears. (C) As a particle passes through the laser beam, 
light is scattered and if there are fluorescent markers attached to the molecule they are excited and emit a specific colour of 
light depending on the type of fluorochromes. The way the light bounces off each cell gives information about the cell’s 
physical characteristics. Light scatter is collected at two angles: Forward Scatter (FSC) and side scatter (SSC). A photodiode 
collects the FSC signals. Photomultiplier tubes (PMTs) collect the emitted SSC and fluorescence signals. A system of 
mirrors and optical filters routes these signals to their detectors (modified from Sabban, 2011). 
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Plasma membrane potential 
A 0.5 μM solution of DiBAC4(3) diluted in HBSS buffer was used. Control cells and EF-
exposed cells (after 30 min and 5 h exposition) were washed gently with PBS and then trypsinized to 
detach the cells from μ-slide, then centrifuged and counted. Approximately 50,000 cells were taken 
into each BD FACS tube. 1 ml of dye solution was added to the cells and incubated for 30 min at 
37 ºC, 5%CO2. Control cells were divided into two groups: 1) untreated control cells; 2) Gramicidin-
treated control cells, which first received Gramicidin (5 μM) diluted in high KCl HBSS buffer and 
were incubated at 37 ºC for 10 min, and then DiBAC4(3) with high KCl HBSS buffer and left for 
incubation at 37 ºC for 30 min. The stained cells were used for experiments without washing. The 
sampling interval of DiBAC4(3) fluorescence measurements was in the range of 4 and 5 s. A total of 
150,000 cells were examined under each condition. 
Mitochondrial membrane potential 
The JC-1 dye was diluted in 1 ml of basal medium (final concentration 1.5 μM) and centrifuged 
at 21,000 rpm, 4 ºC for 5 min before being added to the cells. Control cells and EF-exposed cells (after 
5 h exposition) were washed gently with PBS and incubated with the dye solution for 15 to 20 min at 
37 ºC, 5% CO2. The cells were then trypsinized to detach them from μ-slide, centrifuged and counted. 
Approximately 50,000 cells were taken into each BD FACS tube. Control cells were divided into two 
groups: 1) untreated control cells, 2) CCCP-treated control cells, which first received CCCP (100 μM) 
diluted in PBS and were incubated at 37 ºC for 15 min, and then JC-1 solution was also added and left 
for incubation at 37 ºC for 15 to 20 min. The stained cells were used for experiments without washing. 
The sampling interval of JC-1 fluorescence measurements was in the range of 4 and 5 s. A total of 
150,000 cells were analyzed under each condition. 
3.6. MEMBRANE POTENTIAL ANALYSIS UNDER THE MICROSCOPE 
Plasma membrane potential 
The µ-slides of control and EF-exposed cells were gently washed with 2 ml of HBSS buffer. 
2 ml of a solution of DiBAC4(3) diluted in HBSS buffer (final concentration 0.1 μM) was added to the 
cells and incubated for 5 min at 37 ºC, 5% CO2. Cells were then brought immediately to visualization 
on the microscope. Temperature (37 ºC) and CO2 (5%) concentration were controlled. 
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Mitochondrial membrane potential 
The JC-1 dye was diluted in 1 ml of basal medium (final concentration 1.5 μM) and centrifuged 
at 21,000 rpm, 4 ºC for 5 min before being added to the cells. The µ-slides of control and EF-exposed 
cells were gently washed with PBS. The cells were stained with JC-1 solution and incubated for 15 to 
20 min at 37 ºC, 5% CO2. The cells were then analyzed on the microscope, under controlled 
temperature and CO2 concentration. Control groups were used as in the FACS experiments. 
3.7. IMMUNOFLUORESCENCE EXPERIMENTS 
Immunofluorescence (IF) rely on the use of antibodies to label a specific target antigen with a 
fluorescent dye (also called fluorophores or fluorochromes) such as fluorescein isothiocyanate (FITC). 
Antibodies that are chemically conjugated to fluorophores are commonly used in immunofluorescence. 
The fluorophore allows visualization of the target distribution in the sample under a fluorescent 
microscope. There are two different immunofluorescent methods depending on whether the 
fluorophore is conjugated to the primary (direct IF) or the secondary (indirect IF) antibody. In most of 
cases, indirect labeling is favored over direct labeling because it only requires a few sets of 
fluorophore-conjugated secondary antibodies. In some cases, direct labeling is more desirable since it 
decreases the number of steps in the staining procedure and may reduce cross-reactivity and high 
background problems. In our case, we only used indirect immunofluorescence, with primary and 
secondary antibodies. 
Following the electric field exposition for 5 h (5 V/cm), 661W cells were fixed with 4% PFA in 
PBS (0.05% GTA) for 5 min and washed gently with PBS (for details in the immunofluorescence 
technique see Figure 26). The cells were then permeabilized with 10 μg/ml digitonin in PBS for 6 min 
and washed once again with PBS. Non-specific binding sites were blocked with 2% BSA (w/v) in PBS 
for 15 min at RT. After that, the cells were incubated with the primary antibodies for overnight at 4 ºC. 
Different antibodies were used to mark specific structures related to polarization of cells. MTOC: 
rabbit anti-γ-tubulin (1:250); Golgi apparatus: mouse anti-β-COP (1:150); MT: rabbit anti-β-tubulin III 
(1:700). Staining with secondary antibody was performed for 1 h in the darkness in RT after the cells 
being washed three times with PBS. The secondary antibodies used were: FITC Goat anti-rabbit 
(1:1500), Texas Red
™
 Goat anti-mouse (1:800), FITC Goat anti-rabbit (1:1,000), for γ-tubulin, β-COP 
and β-tubulin III, respectively. The slides were washed with PBS and then covered with the 2.5% 
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DABKO (in PBS/glycerol) mounting solution. Nucleus were stained with DAPI (4′,6-diamidino-2-
phenylindole dihydrochloride) (1:50). Images were taken using the inverted microscope controlled by 
XCELLENCE software. Multiple staining was conducted for DAPI, γ-tubulin, β-COP and DAPI, γ-
tubulin, β-tubulin III. For simultaneously mark the cells for γ-tubulin and β-tubulin III, the antibodies 
used for MTOC were mouse anti- γ-tubulin (1:400) with Texas Red™ Goat anti mouse (1:800). 
 
Figure 26 – Immunofluorescence procedures sequence. Washing is required in each step. Sample preparation includes cell 
fixation as well as cell permeabilization. Both steps are critical for antibody penetration and binding (extracted from 
Proteintech, n.d.). 
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3.8. ACTIN AND MITOCHONDRIAL CALCIUM TRANSFECTIONS 
661W cells were seeded on μ-slides with concentrations as mentioned (see 3.1). Transfection 
procedures using pAcGFP1-actin and mito-GcaMP2 plasmids and an appropriate transfection reagent, 
Lipofectamine 2000 (Invitrogen, Germany) were conducted in order to mark 661W cells with β-actin 
and [Ca
2+
]mito. Lipofectamine reagent was used to increase the transfection efficiency; it contains lipid 
subunits that can form liposomes in an aqueous environment, which entrap the transfection materials. 
pAcGFP1-actin encodes a green fluorescent protein (GFP) from Aequorea coerulescens and the gene 
encoding human cytoplasmic β-actin. Mito-GCaMP2 is a genetically encoded mitochondrial calcium 
indicator, constructed by adding the mitochondrial targeting sequence of cytochrome oxidase (subunit 
VIII) before the sequence of a genetically encoded calcium indicator GCaMP2. 
In the transfection experiments, initially 0.5 μl of Lipofectamine reagent was added to 50 μl of 
basal medium and was left undisturbed for 5 min at RT. Meanwhile 0.2 μg of β-actin and 0.5 μg of 
mito-GcaMP2 plasmids were added to another vial with 50 μl of basal medium. Then the medium 
containing the Lipofectamine reagent was added to the medium containing the plasmids and was left 
undisturbed for 20 to 30 min at RT. After incubation, this solution was added slowly drop by drop at 
the channel of the μ-slide and placed at 37 ºC in the incubator. After 4 h, complete growth medium was 
added to the slides and were placed back at 37 ºC with 5% CO2. Cells were then exposed to dcEF for 
5 h and analyzed on the microscope. 
3.9. VIABILITY/CYTOTOXICITY ASSAY 
To determine whether the physiological dcEF is causing cellular death or not, we evaluated the 
viability of the cells after the exposure to EF. Cell viability is a determination of living or dead cells, 
based on a total cell sample. The parameters that define cell viability in a particular experiment can be 
as diverse as the redox potential of the cell population, the integrity of cell membranes, or the activity 
of cellular enzymes such as esterases. Each assay provides a different snapshot of cell health, and can 
individually or together form the basis of an assay for cell viability, cytotoxicity, or drug efficacy with 
several integrated components [Life technologies, n.d.]. 
We used the viability/cytotoxicity assay (LIVE/DEAD
®
 Molecular Probes) to determine the 
death rate of cells after exposure to dcEF. It is a quick and easy two-color assay to determine viability 
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of cells in a population based on plasma membrane integrity and esterase activity. Ubiquitous 
intracellular esterase activity and an intact plasma membrane are distinguishing characteristics of live 
cells. This assay quickly discriminates live from dead cells by simultaneously staining with green-
fluorescent calcein-AM to indicate intracellular esterase activity and red-fluorescent ethidium 
homodimer-1 to indicate loss of plasma membrane integrity. It is adaptable to most eukaryotic cells 
where cytotoxic conditions produce these cellular effects. The assay was conducted in each different 
group studied: control, 5 h 3 V/cm, 5 h 5 V/cm, 5 h 8 V/cm, and also varying the time of exposition. 
3.10. STATISTICS 
Each set of data analyzed was previously tested for normality using the Lillie test on MATLAB. 
The data was then normalized by the average of the control group. Statistics of the normal data was 
calculated using one-way ANOVA. Non normal data had the statistics calculated using Kruskall-Wallis 
test. For both (ANOVA and Kruskall-Wallis) the considered α was 0.05 and a post hoc analysis was 
performed using Bonferroni corrections. N is the number of independent experiments and Ncell is the 
number of cells from each group. 
3.10.1. Normality test 
The Lilliefors test, named after professor Hubert Lilliefors, is a normality test based on the 
Kolmogorov-Smirnov test. The Lilliefors test evaluates the hypothesis that x has a normal distribution 
with unspecified mean and variance, against the alternative that x does not have a normal distribution. 
This test compares the empirical distribution of x with a normal distribution having the same mean and 
variance as x. It is similar to the Kolmogorov-Smirnov test, but it adjusts for the fact that the 
parameters of the normal distribution are estimated from x rather than specified in advance [Dallal and 
Wilkinson, 1986; On-line statistics, n.d.]. The MATLAB lillietest function provides a computational 
test of whether a sample is likely to represent a population that is not normal with a significance level 
of 5%. A lillietest return value of 1 is a strong indication that the population corresponding to the 
sample is not normally distributed. Otherwise, a lillietest return value 0 indicates that there is no 
evidence of population non-normality [Mathworks, n.d.]. 
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3.10.2. ANOVA 
Analysis of variance (ANOVA) is a collection of statistical models used to analyze the 
differences between group means and their associated procedures (such as “variation” among and 
between groups), developed by Fisher (1925). In the ANOVA setting, the observed variance in a 
particular variable is partitioned into components attributable to different sources of variation. In its 
simplest form, ANOVA provides a statistical test of whether or not the means of several groups are 
equal, and therefore generalizes the t-test to more than two groups [On-line statistics, n.d.; SHFS, 
2008]. One-way ANOVA tests the null hypothesis that samples with only one independent variable are 
drawn from populations with the same mean values. Two estimates of the population variance need to 
be made. These estimates rely on the assumptions that: all sample populations are normally distributed, 
samples are independent, variances of populations are equal and responses for a given group are 
independent and identically distributed normal random variables. The ANOVA produces an F-statistic, 
the ratio of the variance calculated among the means to the variance within the samples [Moore and 
McCabe, 2003]. On MATLAB, the function anova1 performs balanced one-way ANOVA for 
comparing the means of two or more columns of data in the matrix X, where each column represents an 
independent sample containing mutually independent observations. The function returns the p-value 
under the null hypothesis that all samples in X are drawn from populations with the same mean. If p is 
near to zero, it casts doubt on the null hypothesis and suggests that at least one sample mean is 
significantly different than the other sample means. Common significance levels are 0.05 or 0.01 
[Mathworks, n.d.]. 
3.10.3. Kruskal-Wallis 
The Kruskal-Wallis test is a nonparametric version of classical one-way ANOVA named after 
W. Kruskal and W. Wallis, and an extension of the Wilcoxon rank sum test to more than two groups. It 
compares the medians of the groups of data in X to determine if the samples come from the same 
population (or, equivalently, from different populations with the same distribution). The Kruskal-
Wallis test uses ranks of the data, rather than numeric values, to compute the test statistics. It finds 
ranks by ordering the data from smallest to largest across all groups, and taking the numeric index of 
this ordering. The rank for a tied observation is equal to the average rank of all observations tied with 
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it. The F-statistic used in classical one-way ANOVA is replaced by a chi-square statistic, and the p-
value measures the significance of the chi-square statistic [Spurrier, 2003; On-line statistics, n.d.; 
SHFS, 2008]. The Kruskal-Wallis test assumes that all samples come from populations having the 
same continuous distribution, apart from possibly different locations due to group effects, and that all 
observations are mutually independent. By contrast, classical one-way ANOVA replaces the first 
assumption with the stronger assumption that the populations have normal distributions. The MATLAB 
function kruskalwallis returns the p-value for the null hypothesis that the data in each column of the 
matrix X comes from the same distribution, using a Kruskal-Wallis test. The alternative hypothesis is 
that not all samples come from the same distribution [Mathworks, n.d.]. 
3.10.4. Multiple comparison test 
The multiple comparison tests are a group of tests that follow on from one or two-factor 
ANOVA or the Kruskal-Wallis test, but only if significant differences have been found. They are used 
for exactly the same reasons that ANOVA and Kruskal-Wallis are used, but provide more information. 
ANOVA and Kruskal-Wallis can only tell you whether there is a difference between two or more of 
your groups and not which ones. The multiple comparison tests will tell you which groups are different. 
The significant ANOVA result suggests rejecting the global null hypothesis H0 that the means are the 
same across the groups being compared. Multiple comparison procedures are then used to determine 
which means differ. In a one-way ANOVA involving K group means, there are          pairwise 
comparisons. For the Kruskal-Wallis test multiple comparisons can be done using pairwise 
comparisons (for example, using Wilcoxon rank sum tests) and using a correction to determine if the 
post hoc tests are significant (for example, a Bonferroni correction) [On-line statistics, n.d.]. In 
MATLAB, the function multcompare returns a matrix of the pairwise comparison results from a 
multiple comparison test using the information contained in the stats structure. multcompare also 
displays an interactive graph of the estimated and comparison intervals. Each group mean is 
represented by a symbol, and the interval is represented by a line extending out from the symbol. Two 
group means are significantly different if their intervals are disjoint; they are not significantly different 
if their intervals overlap [Mathworks, n.d.]. 
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3.10.5. Bonferroni corrections 
The Bonferroni correction is a multiple comparison correction used when several dependent or 
independent statistical tests are being performed simultaneously. In order to avoid a lot of spurious 
positives, the α value needs to be lowered to account for the number of comparisons being performed. 
It is the simplest and most conservative approach, which sets the α value for the entire set of n 
comparisons equal to α by taking the α value for each comparison equal to α/n [Dunn, 1961; On-line 





Results from migration assay, plasma and mitochondrial membrane potential variations, 
viability assay, morphological and mitochondrial calcium changes in the 661W cell under dcEF are 
shown in this section. To see the results of the statistical tests see Appendix E. To see the statistical 
information in a table format, please go to Appendix F. 
4.1 MIGRATION EXPERIMENTS 
To investigate the effects of an applied direct current electric field (dcEF) on the mouse cone-
like photoreceptor-like cell line 661W, cell cultures were treated during 5 h with 3 V/cm and 5 V/cm, 
and compared to the untreated control (set to 100% = 1). 
The application of dcEF had a significant effect on directionality. In the presence of an applied 
dcEF of both 3 V/cm and 5 V/cm the cells started to migrate directionally towards cathode within 5 to 
10 min of dcEF exposure. In contrast, 661W cells migrated randomly in the absence of an applied 
dcEF. Control cells kept the amorphous form, while dcEF-exposed cells showed distinct polarized 
morphology. The cells elongated and strongly aligned perpendicular to the field. Lamellipodia and 
ruffled membrane were produced on the cathodal side, while plasmalemmal protrusions on the anodal 
side underwent retraction (Figure 27). 
 
Figure 27 – Formation of protrusions on the leading edge of the cells exposed to dcEF. Cells were amplified to highlight 
the formation of lamellipodia and ruffled membranes. Protrusions in the rear edge underwent retraction. Scale bar 0.1 mm. 
 + _ 
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Results from the migration assay showed that cells under dcEF of physiological strength 
(3 V/cm or 5 V/cm) for 5 h became polarized and orientated perpendicular to the direction of the field, 
as we can see in Figure 28. Figure 29 shows the movement of some cells during dcEF application. 
Cells migrated significantly towards the cathode when exposed to dcEF. 
Figure 28 – Examples of cell elongation and orientation in dcEF before and after exposition. (A) Before and (B) after 5 h, 
5 V/cm. (C) Before and (D) after 10 h. Scale bar 0.1 mm (Figures A and B), and 0.02 mm (Figures C and D). 
The cells movement during dcEF stimulation, to cathode (–) or anode (+), was tracked using the 
Olympus imaging software Cell^R. Manual settings were used for cell tracking. In order to quantify the 
cell speed (μm/h), directedness (º) and net linear displacement (μm), time-lapse DIC videos were 
processed in the detecting program TrackIT. Polar diagrams that were indicative of directedness were 
created using PSI-Plot (Poly Software International, USA). Each dot shown in the polar diagrams 
represents the center of mass from individual cells and its relative position at the end of the 
experimental period, 5 h. The center of the circle is the position of all cells at the start of the 
experiment. 
 
Figure 29 – Phase contrast images of 661W cells showing cells orientation and directed migration in presence (A to D) and 
absence (E to H) of persistent directional cue (5 V/cm dcEF). (A) no dcEF; (B to D) dcEF exposure. (A, E) t = 0; (B, F) 
t = 105 min; (C, G) t = 210 min; (D, H) t = 300 min. Black numbers (1 to 5) were used to highlight the migrational 
movement of 5 different cells. Images are representative of 10 experiments. Signs (+/–) show the polarity of the EF. Scale 
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In the absence of an applied dcEF, dots were equally distributed between the four quadrants on 
the polar diagrams (Figure 30A) and the averaged center of mass (R'CoM) moved slightly from the 
origin (0,0) at the end of the experiment period (Figure 30B), indicating that cells without EF migrated 
slightly and randomly for all directions. In contrast, when an external dcEF was applied, for both 
3 V/cm and 5 V/cm, the majority of dots were found in the right two quadrants in the polar diagrams 
and the R'CoM was located far from the origin, also in the direction of the cathode. Moreover, dcEF-
exposed cells presented significantly higher displacement of center of mass (DCoM) when compared to 
control (Figure 30C). Description and equations of CoM in the section 3.3.1. 
The application of an external dcEF increased the average total length of cell displacement 
(Figure 30D). The averaged displacement for 661W control cells was 47.5 µm, while for dcEF exposed 
cells was 79.9 µm for 3 V/cm and 111.4 µm for 5 V/cm. 
Figure 30 – Migration of 661W cells under dcEF (5 h 3 V/cm and 5 V/cm) or absence of dcEF. (A) Polar plots representing 
cellular directivity in presence (3 V/cm or 5 V/cm) or absence of dcEF; (B) Position of the averaged center of mass at the 
end of the experiment (R'CoM); (C) Averaged displacement of center of mass (DCoM) between the beginning and the end of 
the experiment; (D) Averaged displacement of cells (light grey) and speed (dark grey). Controls show no directed migration 
and a smaller DCoM, while the dcEF-exposed cells show a significant directional movement towards cathode and significant 
DCoM. Averaged cell displacement and speed show significant increase for dcEF-exposed cells. Signs (+/–) show the 
polarity of the EF. N =10, Ncell = 125. **p << 0.01. The values were normalized by control (control = 1) and means ± s.e.m. 
were plotted. 
We observed that the directed migration rate of the 661W cells was significantly accelerated 




























































































5 h experimental period. In contrast, cells migrated at an average speed of 16.1 µm/h and 22.6 µm/h in 
the presence of 3 V/cm and 5 V/cm, respectively. 
Figure 31 is another example of the effect of an applied dcEF over the 661W cells. This figure 
shows the translocation of the nucleus to the back part of the cell after 5 h 5 V/cm dcEF exposure. We 
can also see the elongation of cells perpendicular to the dcEF as a result of the stimulation. 
Experiments reversing the polarity of the dcEF applied were also conducted to verify the 
reliability of the directional response. The polarity of the electrodes was inverted after 2.5 h directly on 
the power supply to avoid interfering with the video recording. Figure 32 shows the directional 
movement of cells towards cathode during dcEF exposure, first to the right (Figures 32 A-B-C) and 
then to the left (Figures 32 D-E-F.), according to the position of the cathode. 
 
Figure 31 – DIC pictures illustrating the directed migration of 661W cells under 5 V/cm dcEF. (A) no dcEF (time 0); (B) 
100 min dcEF exposure; (C) 200 min dcEF exposure; (D) 300 min dcEF exposure. Cells number 1 and 2 got elongated 
perpendicular to the applied dcEF. Nuclear translocation to the rear edge of the cell number 3. Signs (+/–) show the polarity 
























Figure 32 – DIC pictures illustrating the directed migration of 661W cells in 5 V/cm dcEF. The dcEF polarity was inverted 
after 2.5 h. Cells migrate first to the right (first position of the cathode) and then to the left (second position of the cathode). 
(A) no dcEF (time 0); (B) 60 min dcEF exposure; (C) 120 min dcEF exposure; (D) 180 min dcEF exposure; (E) 240 min 
dcEF exposure; (F) 300 min dcEF exposure. Signs (+/–) show the polarity of the electric field. Scale bar 100 µm. 
4.2 PLASMA MEMBRANE POTENTIAL ANALYSIS 
To investigate whether plasma membrane potential (Vm) changes following the electric field 
exposure, the green fluorescence-coupled Vm reporter dye DiBAC4(3) was used to measured the 
membrane potential of 661W cells. This dye is an anionic fluorophore that intercalates into membranes 
enhancing fluorescence. Highly negative plasma membrane excludes DiBAC4(3) from the cells, and 
fluorescence is low. In contrast, plasma membrane depolarization promotes DiBAC4(3) uptake 
increasing fluorescence. 
Field strength of 5 V/cm was applied for 30 min and 5 h. Shortly after dcEF application, 661W 
cells had a significant increase in the fluorescence intensity, indicating a decrease in Vm (Appendix A). 
The increase in the fluorescence intensity profile was calculated from the baseline and was significantly 
higher in the dcEF-exposed cells (882.7 ± 32.3) than in the control cells (211.0 ± 14.1). 
Fluorescence microscopy and flow cytometry analysis revealed that short-term stimulation 
(30 min) with dcEF caused an increase in the fluorescence intensity, indicating plasma membrane 
depolarization. However, the same analysis for long-term exposure to dcEF (after 5 h) presented small 





















































exposure the cells membrane became 25% more depolarized than control, but not as depolarized as the 
positive control cells treated with Gramicidin, which had a increase of 60% in fluorescence intensity 
compared to control. Gramicidin is a channel-forming peptide selective to monovalent cations. The 
incorporation of gramicidin depolarizes the plasma membrane. 
 
Figure 33 – Short-term changes in the plasma membrane potential during persistent directional dcEF. (A) Flow cytometry 
analysis of control (black), gramicidin-positive-control (red), and 5 V/cm dcEF-exposed cells for 30 min (green) and 5 h 
(blue) stained with DiBAC4(3). (B) Single histograms are representative examples from original FACS measurements. 
Mean fluorescence intensity measured with flow cytometry (dark grey) and with ImageJ (light grey). (C-F) Fluorescence 
was normalized by the area of ROIs. Fluorescence microscopy of 661W cells marked with DiBAC4(3): (C) control, (D) 5 h 
5 V/cm; (E) 30 min 5 V/cm, highlighting the accumulation of the dye in the cathode-facing side of the cells and (F) 
Gramicidin-treated cells. Images are representative of 10 experiments. Signs (+/–) show the polarity of the electric field. 
N = 40, Ncell = 150,000 for flow cytometry and N = 4, Ncell = 50 for fluorescence microscopy. **p << 0.01 in relation to 
control, ns = not significant, ΔΔp << 0.01 in relation to the positive control. Scale bar 100 µm. The values were normalized 
by control (control = 1) and means ± s.e.m. were plotted. 
By measuring the fluorescence intensity in the two sides of cells, we observed that the dye was 
accumulated in the cathode-facing half of 30 min-dcEF-exposed cells (57.7% ± 1.8%), while control 
cells showed random distribution of the dye within the cells (50% ± 0.9%) (Figure 34), indicating that 
the depolarization occurred preferentially in the cathode-facing side of the treated cells. 
From these experiments it is possible to conclude that dcEF causes short-term depolarization 
mostly in the cathodal side on the exposed cells. Depolarization is expected as a transient event in 
healthy cells. A sustained cellular depolarization would suggest that the ability of cells to repolarize 
was lost and could be associated with apoptosis. 
 






























































Figure 34 – DiBAC4(3) accumulation on the cathode-facing side of exposed cells. N = 4, Ncell = 50. **p << 0.01 in relation 
to control. Means ± s.e.m. were plotted. 
4.3 MITOCHONDRIAL MEMBRANE POTENTIAL ANALYSIS 
 Changes in the mitochondrial membrane potential (MMP) were monitored by using the dye JC-
1. This dye has been shown to be the most specific for measuring changes in the MMP. It accumulates 
in mitochondria depending on the membrane potential and is present either as a monomer or J-
aggregate (Figure 35). 
Figure 35 – Dual excitation/emission wavelengths exhibited by the dye JC-1 (modified from Biotek, 2010). 
The JC-1 monomer predominating in depolarized mitochondria emits green fluorescence 
(~530 nm), whereas the oligomer (J-aggregate) forming in mitochondria with potentials more negative 
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Accordingly, the relative green and red components of JC-1 fluorescence distinguish between 
mitochondria with high and low membrane potential and should also be capable of reporting MMP 
changes or fluctuations [Bortner and Cidlowski , 1999; Keil et al., 2011]. 
Fluorescence microscopy and flow cytometry analysis using the mitochondria membrane 
potential (MMP) marker JC-1, showed reduction in the red/green fluorescence ratio. This reduction is 
associated with the dissipation of red J-aggregates (high mitochondrial membrane potential) into green 
monomers (loss of the membrane potential) and indicates a decrease in the membrane potential from 
the mitochondria (Figure 36). Predominance of red fluorescence was observed for control cells with 
high MMP. In contrast, positive control cells treated with CCCP presented an only-green fluorescence 
pattern. EF-exposed cells showed a significant reduction in the red fluorescence, resulting in reduction 
in the red/green fluorescence ratio in about 12% in relation to control, for the fluorescence microscopy 
analysis. However, the amount of depolarization of the mitochondrial membrane from the CCCP-
treated cells was about 67%, which corroborates the results from the viability assays indicating that 
application of dcEF has not a high cytotoxicity effect. 
 
Figure 36 – Mitochondrial membrane potential changes using JC-1 dye. Fluorescence microscopy of 661W cells (A) 
control cells; (B) cells treated with CCCP (positive control), and (C) dcEF-exposed cells (5 h 5 V/cm). (D) Flow cytometry 
analysis of control (black), CCCP-positive-control (red), and 5 V/cm dcEF-treated cells for 5 h (green). The single 
histogram is a representative example from original FACS measurements showing fluorescence intensity of JC-1. (E) Ratio 
between the fluorescence intensities measured in the red and green channels with ImageJ (dark grey) and measured by flow 
cytometry (light grey). Mitochondrial membrane potential became significantly depolarized after exposure to dcEF. Images 
are representative of 4 experiments. Signs (+/–) show the polarity of the electric field. N = 40, Ncell = 150,000 for flow 
cytometry and N = 4, Ncell = 50 for fluorescence microscopy. **p << 0.01 in relation to control, ΔΔp << 0.01 in relation to 
the positive control. Scale bar 100 µm. The values were normalized by control (control = 1) and means ± s.e.m. were 
plotted. 
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JC-1 staining revealed that EF exposure resulted in a decrease of mitochondrial membrane 
potential which may be due to an increase of mitochondrial calcium, and associated to early steps of 
apoptosis. However, the viability assay showed that the death rate after exposure to dcEF was not 
significant in the 661W cells. A decrease in MMP has been observed in response to many apoptotic 
stimuli, but the relation between the MMP decrease and the initiation of apoptosis remains unclear. 
Fluorescent labeling of mitochondria with JC-1 revealed that mitochondria were distributed 
irregularly, resulting in regions of high and low mitochondrial content within the dcEF-exposed 661W 
cells. Further, the fluorescence intensity for JC-1 was measured using the software ImageJ in the 2 
halves of each cell and was normalized by the area of the RoIs. As shown in the Figure 37, the dye was 
accumulated in the cathode-facing half of dcEF exposed cells (57.6% ± 1.4%), while control cells 
showed random distribution of the dye within the cell (50.3% ± 1.7%), indicating that mitochondrial 
membrane depolarization were concentrated in the cathodal side of the dcEF-treated cells. 
 
Figure 37 – Cathodal accumulation of JC-1 dye, indicating increase of mitochondrial depolarization at the cathodal side. 
N = 4, Ncell = 50. **p << 0.01 in relation to control. Means ± s.e.m. were plotted. 
Furthermore, the fluorescence intensity associated to the mitochondrial calcium was measured 
in the whole mito-GCaMP2 transfected cells and showed an increase in the cells exposed to dcEF 
compared to control. This increase was found to be in the anodal-facing side of the cells (Figure 38). 
Mitochondrial calcium depends on mitochondrial membrane potential. Mitochondrial membrane 
depolarization decreases mitochondrial calcium, which indicates that the decrease of mitochondrial 








































Figure 38 – Mitochondrial calcium increased in dcEF-exposed cells, specially at the anodal side of the cells. (A) Mito-
GCaMP2 transfected control cells; (B) dcEF-exposed cells transfected with mitochondrial calcium (Mito-GCaMP2); (C) 
Insert from B to highlight the accumulation of mitochondrial calcium in the anodal side of a dcEF-exposed cell; (D) Total 
Mito-GCaMP2 fluorescence intensity measured in presence and absence of persistent directional dcEF. The values were 
normalized by control (control = 1); (E) Anodal accumulation of Mito-GCaMP2 in the dcEF exposed cells. Images are 
representative of 4 experiments. Signs (+/–) show the polarity of the electric field. N = 4, Ncell = 50. *p= 0.01, **p << 0.01 
in relation to control. Scale bar 100 µm (A, B) and 20 µm (C).  Means ± s.e.m. were plotted.  
4.4 VIABILITY ASSAY 
Possible cytotoxicity effect of dcEF was evaluated through viability assays. Death rate for 
661W cells after exposure to dcEF was found not significant. It was 5.4% for 3 V/cm and 6% for 
5 V/cm (N = 5, Ncell = 500), for 5 h of exposure. 4% of dead cells were found in the absence of applied 
dcEF. Thus, the dcEF induced cathodal directed migration and changes in the plasma membrane 
potential without affecting cell viability. Figure 39 shows examples of the viability assay carried on 































































































Figure 39 – Viability assay showing (A) esterase activity of live and healthy cells (green) and loss of plasma membrane 
integrity in the dead cells (red). (B) Dead cells (treated with formalin). (C) EF-exposed (5 h 5 V/cm). Scale bar 0.1 mm. 
4.5 MORPHOLOGICAL CHANGES (IMMUNOFLUORESCENCE AND TRANSFECTION 
EXPERIMENTS) 
Cell polarization is important for cell migration and it is often defined by membrane domain 
segregation, intracellular organelle localization, asymmetric cytoskeleton arrangement and appearance 
of polarized cell morphology. In this study, in order to evaluate cell polarization through organelles 
changes in position, techniques of immunofluorescence and transfection were used. 
We investigated the internal movement of MTOC by using the antibody γ-tubulin, which is a 
protein found in the microtubule organizing center (centrossome). β-COP is a protein associated with 
the Golgi apparatus (GA), found in the transport vesicles from the endoplasmic reticulum to the GA. 
To mark the microtubules polarization, we used β-tubulin III, a component of the microtubules. 
Nuclear translocation was visualized using DAPI. Transfection procedures using β-actin and mito-
GCaMP2 plasmids and an appropriate transfection reagent, Lipofectamine 2000 (Invitrogen, Germany) 
were conducted in order to mark 661W cells with actin and mitochondrial calcium, respectively. 
To quantify polarization, the cell body of 661W cells was divided into a cathodal half and an 
anodal half, and the fluorescence intensity associated to each antibody was measured using ImageJ 
software in the 2 halves. The percentage of the fluorescence intensity in each half was calculated 
considering the total fluorescence exhibited in the cell. 
Exposure to dcEF induced polarization and morphological changes on the 661W cells (Figure 
40). In the presence of an applied dcEF, GA, microtubules-organizing center (MTOC), microtubules 
(MTs) and actin redistributed asymmetrically in the cells. In the cells with no EF-exposure, organelles 
were randomly distributed in the cytoplasm. Electric field exposure increased the number of cells with 
polarized morphology (Figure 41). 
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Figure 40 – dcEF-induced polarization and morphological changes in the 661W cells. Immunofluorescence staining of 
661W cells in presence and absence of persistent directional dcEF. (A, B) Microtubules (anti-β-tubulin III); (C, D) Golgi 
apparatus (anti-β-COP); (E, F) MTOC (anti-γ-tubulin) and nucleus (DAPI); (G, H) Actin transfected cells. Signs (+/–) show 
the EF polarity and indicate the dcEF-exposed cells. Organelles became polarized after 5 V/cm 5 h dcEF-exposure. Nucleus 
was translocated from the center to the back of the cell. MTOC, Golgi apparatus and actin were accumulated in the leading 
edge and the microtubules in the rear edge of the cells. Images are representative of 4 experiments. Scale bar 20 µm. 
Polarized cell shape was characterized by membrane ruffling and filopodia at the front edge, 
reorientation of MTOC and GA in the direction of the migration and coordinated reorganization of the 
actin cytoskeleton and microtubules. 
In agreement with other reports, actin accumulated in the direction of the migration, however 
the majority of microtubules were found in the opposite direction. Nucleus was translocated to the rear 
edge of the cells. Nuclear positioning is determined by microtubules and actin networks. 
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Figure 41 – Analysis of 661W cells polarization assessed by dividing the cells in cathodal and anodal halves, in presence 
(light grey) and absence (dark grey) of persistent directional dcEF. (A) Percentage of organelles facing cathode (Golgi 
apparatus) or anode (Nucleus); (B) Accumulation of cytoskeleton proteins in the cathode-facing side (actin, MTOC) and in 
the anodal side (MT). N = 4. **p << 0.01 in relation to control. Means ± s.e.m. were plotted. 
Immunofluorescent staining with anti-γ-tubulin and DAPI revealed that a persistent directional 
dcEF caused polarization of the MTOC towards cathode and rearward movement of the nucleus. 
MTOC is detected as a single (or occasionally double) spot of fluorescence near the center from which 
microtubules emanate. 
 
Figure 42 – Cathodal polarization of MTOC and back translocation of nucleus, in 661W EF-treated cells. (A) Control, (B) 
5 V/cm 5 h, (C) Insert from B to highlight the MTOC positioned on the leading edge of the cell, in front of the nucleus. 
Scale bar 100 µm (A, B) and 20 µm (C). 
By dividing the cells into 2 halves was observed that 69.8% ± 1.2% (N = 4, Ncell = 450) of the 





















































































were positioned in the back of the cells (Figure 42). 
Further, the actin network was reorganized after dcEF exposure. The stress fibers became 
oriented along the field, and a band of actin became associated with the lamellae, exhibiting stronger 
staining at the cathodal side of the pAcGFP1-Actin-transfected cells. 57.5% ± 0.8% (N = 4, Ncell = 100) 
of actin network accumulates in the cathodal side of the dcEF-exposed cells (Figure 43). 
Figure 43 – Cathodal polarization of the cytoskeletal stress fibers (F-Actin transfection) induced by 5 V/cm EF in 661W 
cells. (A) Control, (B) 5 V/cm 5 h, (C) Insert from B indicating the accumulation of actin in the leading edge of the cell. 
Scale bar 100 µm (A, B) and 20 µm (C). 
Exposure to dcEF also resulted in repositioning of the Golgi apparatus in the edges of the 661W 
cells, specifically in the direction of the migration. In cells marked with anti-β-COP, 60.2% ± 0.9% 
(N = 4, Ncell = 100) of GA were found in the leading edge of the dcEF-exposed cells (Figure 44). 
Control cells exhibited random orientation of GA and which was always positioned close to the 
nucleus. 
The microtubules formed a peri-nuclear cage-like structure converging into the MTOC and 
projecting into the cell borders. Normally, each microtubule end switches between periods of growth, 
and shrinkage are not equal. MT (–) end is usually embedded in the main MTOC and does not grow, 
while the (+) end, where β-tubulin is exposed, grows and shrinks faster, explore cellular space and 









Figure 44 – Immunofluorescent staining for Golgi apparatus (β-COP antibody) in 661W cells exposed to dcEF stimulation. 
(A) Control, (B) 5 V/cm 5 h, (C) Insert from B highlighting the polarization of GA in the front of the migrating cell. Scale 
bar 100 µm (A, B) and 20 µm (C). 
 
Figure 45 – Microtubules accumulation (β-tubulin III antibody) in the rear edge of 661W EF-exposed cells. (A) Control, 
(B) 5 V/cm 5 h, (C) Insert from B indicating accumulation of the antibody in the back of the cathodal migrating cell. Scale 












After 5 h exposure to dcEF of 5 V/cm the microtubules aligned perpendicular to the direction of 
the field. As the cells became elongated, the microtubules accumulated at the edges of the cells. A few 
MTs penetrate to the front of the cell, but many invaded the rear after long-term exposition to dcEF. 
58.7% ± 1.8% (N = 4, Ncell = 100) of the microtubules stained with anti-β-tubulin III were found in the 
anodal-facing side of the cells after 5 h dcEF exposition (Figure 45). However, at the beginning of the 
migration phase, after 1 h of exposure to dcEF of 5 V/cm, 52.4% ± 0.5% of MTs were polarized in the 
cathodal-facing side of the cells. Differences in MT dynamics between the cell front and rear and 
stability underlie the differences in MT distribution observed. MTOC were positioned independently of 
the accumulation of microtubules (Figure 46). 
 
Figure 46 – (A) Co-immunofluorescence staining of dcEF-treated 661W cells with γ-tubulin, β-tubulin III and DAPI ; (B) 
Independent positioning of MTOC and microtubules. Microtubules did not accumulate in the leading edge of the cells in the 
same way as the MTOC after exposure to dcEF; (C) Only 34.8% of colocalization from microtubules with MTOC in the 
cathodal side of the cells after dcEF stimulation; (D) Co-immunofluorescence staining of 661W cells with γ-tubulin, β-
tubulin III and DAPI in the absence of an applied dcEF; (E) Bar diagram showing the normalized polarization of 
microtubules after 1 h and 5 h exposure to 5 V/cm dcEF. After 1h microtubules showed a slight accumulation on the 
cathode half. After 5 h stimulation, microtubules were mostly positioned on the anode side. N = 4. **p << 0.01 in relation to 
control. The values were normalized by control (control = 1) and means ± s.e.m. were plotted. Scale bar 100 µm (A, D) and 
20 µm (B, C). 
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Photoreceptor-like cells migrating under an applied dcEF similar to those found in vivo, 
oriented themselves with their long axis perpendicular to the field. The perpendicular orientation is 
thought to happen in order to minimize the stress of the changes in the voltage across the cells, by 
maximizing the tangential field. Furthermore, in the presence of a dcEF, the plasma membrane of those 
cells facing the cathode depolarized while the membrane facing anode hyperpolarized. Subsequently, 
the first morphological responses involved the initiation of cell polarity and constant directivity with 
changes in the organization of the cytoskeleton, to produce a well-defined leading edge and rear edge, 
promoting cell orientation and migration. Actin cytoskeleton, microtubules (MT), microtubule-
organizing center (MTOC), nucleus and Golgi apparatus (GA) were involved directly in the migratory 
response of the 661W cells, being polarized to the cathodal or anodal side of the cells. These findings 
suggest that those organelles and cytoskeleton proteins play an important role in the electrotactic 
mechanism of the photoreceptor-like cells. 
Even though application of dcEF on the 661W cells caused significant directional migration, 
increase in the rate of the migration, changes in the plasma and mitochondrial membrane and 
reorientation of organelles and cytoskeleton components, not all the cells reacted in the same way. 
Some cells polarized and migrated immediately (few minutes after dcEF application), while some other 
cells needed a bit longer to react and to present the effects of exposition to dcEF. One possible reason 
for that might be the increase in proliferation due to dcEF. It was already shown that application of 
dcEF increases the cell division rate and consequently, new divided cells start to polarize later after the 
others. 
5.1. CATHODAL MIGRATION AND ASYMMETRIC CHANGES IN PLASMA MEMBRANE 
POTENTIAL 
dcEF-exposed cells migrated significantly and directionally towards the cathode. They showed 
an increase in more than 100% in the displacement of the center of mass (towards cathode) in relation 
to control. Moreover, cellular directivity, speed and displacement were also increased in the cells in 
presence of an applied dcEF. In addition, membrane depolarization occurred asymmetrically in the 
cathode-facing side of the dcEF-exposed cells. Migrating cells experience an estimated ~1 to 10% 
asymmetry in membrane potential polarization, which in turn can produce asymmetries in ion flux 
through the plasma membrane and possibly provide a directional cue. Those changes may involve 
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different membrane proteins and are related to definition of which direction the cells migrated [Allen et 
al., 2013]. 
The presence of an extracellular electrical potential gradient across a cell generates an 
asymmetric signal between the two poles of the cell parallel to EF lines. Because the cytoplasm is a 
good conductor, the potential difference produced across the entire cell by an applied EF appears across 
the cell membrane at each end of the cell [Hart et al., 2013; Messerli and Graham, 2011; Pu and Zhao, 
2005; Robinson, 1985; Robinson and Messerli, 2003; Yao et al., 2009]. The transduction of membrane 
voltage to downstream cellular effectors mechanism is often made through voltage-gated calcium 
channels, but other Vm transducing mechanisms may include: 1) redistribution of membrane receptors, 
2) electrophoresis of morphogens through cytoplasm spaces, 3) integrin-linked signalling involving 
hERG1 channels (voltage-gated K
+
 channels), 4) voltage-sensitive phosphatases operating through the 
phosphoinositide kinase (PIK) pathway, 5) voltage-dependent changes in the function of intracellular 
transporters of signalling molecules such as serotonin, and 6) activation of β-integrin signals by 
conformational changes in membrane proteins [Gao et al., 2011; Levin, 2007; Mycielska and Djamgoz, 
2004; Özkucur et al., 2014; Perike, et al. 2014; Petrie et al., 2009; Sato et al., 2009; Sundelacruz et al., 
2009; Yao et al., 2009]. Studies focused in the downstream cellular effector mechanisms must be 
carried out in order to evaluate the specific signalling pathways involved in the transduction of Vm in 
polarization and migration of the 661W cells. 
The short-term application of dcEF of 5 V/cm caused membrane depolarization on the exposed 
cells, however, the membrane potential of those cells was reestablished after long-term exposition. The 
first perceptible changes in the cells were in the membrane potential, initiating different signalling 
pathways that culminate in cell polarization and migration. The depolarized membrane activates 
different ion transporters and channels on the membrane, which in turn, reestablish the ionic 
equilibrium [Adams et al., 2007; Funk, 2013]. Depolarization is thus, expected as a transient event in 
healthy cells. Bortner et al. showed that, upon an apoptotic stimulus, the ability of cells to repolarize 
was lost and the sustained cellular depolarization was associated with apoptosis. However, it was also 
shown that prolonged depolarization induced mature central nervous system neurons to re-enter mitosis 
and cause fibroblasts to overproliferate and also prevented stem cells from differentiating [Bortner et 
al., 2001, Chernet and Levin, 2013; Chifflet and Hernández, 2012]. 
Intriguingly, different cell types polarize to different directions, some to the anode, others to the 
cathode and some even to a direction perpendicular to the dcEF [Campetelli et al., 2012]. The 
directedness of migration may depend on the interaction between ion channels and other signalling 
proteins and especially involves Ca
2+
 signalling. In a cell with negligible voltage-gated conductance 
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(no or few voltage-gated channels), the hyperpolarized membrane facing anode attracts Ca
2+
 by passive 
electrochemical diffusion. This side of the cell than contracts, thereby propelling the cell towards the 
cathode. If voltage-gated Ca
2+
 channels (VGCCs) are present, channels near the cathodal (depolarized) 
side open and allow Ca
2+
 influx, which would tend to cause the cell to move towards anode. 
Intracellular Ca
2+ 
levels will raise both on the anodal and cathodal side in such a cell. The net 
movement would then, depend upon the balance of the two opposing forces. As the photoreceptor-like 
cells migrated preferentially towards cathode, the passive electrochemical diffusion at the anode might 
have overcame the voltage-gated conductance at cathode, suggesting that not many voltage-gated Ca
2+
 
channels might be present on the cathodal side. Therewithal, an increase in [Ca
2+
]mito occurred in the 
cells as a result of dcEF stimulation, mainly in the anodal side. This finding suggests that mitochondrial 
calcium can be coupled with cytosolic calcium in photoreceptor-like cells. It would be consistent with 
an increase of [Ca
2+
]cyto on the anodal side. dcEF might stimulate release of Ca
2+
 from intracellular 
stores, including the mitochondria. Further studies regarding the calcium participation in the 
photoreceptor-like cells polarization and migration are necessary as the type of Ca channels involved 
and the correlation between intracellular calcium and cell migration is still unclear [Funk et al., 2009]. 
5.2. Vm COUPLED TO CYTOSKELETAL MODIFICATIONS DURING DIRECTED MIGRATION 
Despite the wide variety of migration types, the general mechanism of cell migration involves 
the repetition of four basic steps: protrusion, adhesion, contraction, retraction, with some slight 
variations. All steps involve the key role of the cytoskeleton components. Applied EFs might move 
receptors or channels by electrophoresis / electroosmosis within the membrane. Alternatively, EFs 
might signal motility by altering receptors conformation. Once the applied dcEF trigger migration, cells 
must orchestrate cytoskeleton elements and form and release adhesion structures. Recently, 
modifications in the plasma membrane potential Vm have been shown to participate in the modulation 
of the cytoskeletal organization. In principle, there are two main mechanisms through which Vm could 
affect the interrelationship between ion transport systems and the cytoskeleton: a) by modifying ionic 
currents and thus the ionic environment near the cytoskeletal binding regions, and b) by determining 
electroconformational modifications of the ion transporting proteins that can be propagated to the 
cytoskeletal components, as could be the case for other non-transporting integral membrane proteins. 
Furthermore, alterations in the plasma membrane are also associated with the driving force for the 
movement. Vm is consequently affected by mechanical alterations of the membrane. Endocytosis 
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coupled to exocytosis at the advancing edge provides a source of cell surface material to accommodate 
extension. However, membrane flow is not likely to be a major driving force in movement. Plasma 
membrane provide docking sites for promigratory signalling proteins as evidenced by accumulation of 
membrane-bound signalling proteins in the lamellipodia of moving cells. Besides, plasma membrane 
provides a resistive barrier necessary for cytoskeleton-driven propulsion and forward movement of the 
leading edge membrane may generate tension that pulls the trailing cell body forward [Chifflet and 
Hernández, 2012; Finkelstein et al., 2003; Vasanji et al., 2004]. In this work, we showed that 
reorganization of actin filaments and microtubules occurred following Vm depolarization. 
5.3. REORGANIZATION OF ACTIN CYTOSKELETON, MICROTUBULES AND MTOC 
The spatial segregation of opposite molecular pathways along a front-rear axis illustrates the 
polarized organization of a migrating cell. Intracellular signalling operates at each step of the cell 
motility cycle to promote directional migration by regulating leading edge formation. There is 
increasing evidence for crosstalk between the two cytoskeletal elements, actin and microtubules, 
through the use of common signaling regulators as cells polarize and migrate. The polarized 
organization of a migrating cell is mirrored by the polarized distribution of active signaling molecules. 
Small G proteins of the Rho family, including the most studied RhoA, Rac1, and Cdc42, are pivotal 
regulators of cell migration. Recent studies have focused on membrane ion transporters and their 
interaction with cytoskeleton proteins: voltage-gated Na
+
 channel, PKD2 cation channel, aquaporin, K
+
 
channels, TRP channels, voltage-gated Ca
2+
 channels [Etienne-Manneville, 2013; Magdalena et al., 
2003a; 2003b; Mogilner and Keren, 2009; Özkucur et al., 2014; Perike et al., 2014; Petrie et al., 2009; 
Pouthas et al., 2008; Vallenius, 2013]. However, the study of signalling molecules and pathways 
involved in photoreceptor-cells polarization and migration was not the focus of this work. Further 
studies need to be made to evaluate all the specific proteins and channels involved. 
In this work, we showed that actin selectively accumulated in the cathodal cytoplasm of cells 
when stimulated by dcEF. Actin accumulation is thought to be the driving force for membrane 
protrusions during the migration process. In the absence of an applied dcEF, the actin network was 
randomly distributed, and lamellipodia extended in multiple directions. In contrast, cells elongated 
perpendicular to the field and stress fibers were reoriented with long axis of the cells in the presence of 




From front to rear, actin-mediated forces sequentially promote cell protrusions, adhesion, 
contraction and retraction. However, studies revealed the microtubules pivotal role in cell migration as 
well; they are essential for the polarization of many cell types. Through their role in cell mechanics, 
intracellular trafficking and signaling, MTs participate in all essential events leading to cell migration. 
In most cell types, MTs extend more to the cell front than to cell rear. In our study, it was 
shown that short-term stimulation caused accumulation of MTs in the cell front. Controversially, most 
MTs accumulated on the anode-facing side of cells after long expositions to dcEF. The front-rear 
polarization of MTs relies on the asymmetric regulation of microtubule dynamics and stability, the 
asymmetric distribution of MT-associated protein complexes and finally the orientation of the MT 
network along their axis of migration. Even though more microtubules grow towards the cell front, the 
density of microtubules close to the cell cortex is lower at the protruding front than in the retracting 
rear. This is probably caused by the speed of membrane protrusion exceeding that of microtubule 
polymerization together with the active rearward transport of MTs by actin retrograde flow. This also 
correlates with the formation of trailing focal adhesions at the rear and predominantly focal complexes 
at the front. However, the way MTs find and interact with focal adhesions is not entirely clear [Etienne-
Manneville, 2013; Kadir et al., 2011; Kaverina and Straube, 2011; Magdalena et al., 2003b; Small et 
al., 2002]. In addition, studying single microtubules, Kim et al. observed that the alignment process of 
microtubules towards anode is due to electrophoretic forces, which is in agreement with previous 
reports suggesting that MTs contain negative charges [Kim et al., 2007]. 
We have also shown that the MTOC significantly polarized towards the cathode after cells were 
treated with 5 V/cm for 5 h. The positioning of the MTOC towards the leading edge of the cell 
probably contributes to the targeted delivery of processed proteins along the microtubule towards the 
cells front. Together with the Rho family, the cytoskeleton filamentous proteins, specifically actin and 
MT, play a significant role in determining the position of the MTOC and nucleus in the cell. Although 
MT growth and dynamics can directly affect positioning, actin cytoskeleton can also affect MTOC 
positioning through cytoskeletal linkers such as plectin that couple MTs to myosin-powered actin 
retrograde flow. The centrossome position affects the localization of the Golgi complex, which always 
localized in proximity to the centrossome by dyneins [Etienne-Manneville, 2004; Etienne-Manneville, 
2013; Gomes et al., 2005; Hale et al., 2011; Magdalena et al., 2003a; Mogilner and Keren, 2009; Petrie 
et al., 2009; Pouthas et al., 2008]. Even though we showed strong evidence that actin and MT are 
directly involved in the polarization of the photoreceptor-like cells, further studies focused on the 
signalling pathways are necessary to confirm the participation of the actin cytoskeleton and 
microtubules in the polarization of the 661W cells, especially to show the crosslink between these two 
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proteins during the polarization and migration of the cells and how they work to reposition the MTOC. 
5.4. CATHODAL POLARIZATION OF GOLGI APPARATUS AND REARWARD MOVEMENT 
OF THE NUCLEUS 
We have shown in this work that the GA was positioned facing the leading edge where there 
was a striking accumulation of actin, while the nucleus were relocated on the rear edge of the cells. 
Nuclear positioning is an initial polarizing event in migrating cells and occurs in the direction opposite 
to that of cell migration. It is generally thought that the rearward position of the nuclei, commonly 
observed in migrating cells, develops as a consequence of cell extension or due to electrophoretic 
forces that move the nucleus to the anode (positive) once it is rich in DNA (negative). However, 
Gomes et al. showed that cells posses an active mechanism for repositioning the nucleus and that this 
functions independently of cell extension and, for most part, of factors regulating the position of the 
MTOC. Moreover, in their work they showed that the nucleus rearward movement was responsible for 
reorienting the MTOC [Gomes et al., 2005]. 
The orientation of the nucleus-centrossome axis also depends on the position of the nucleus. 
Depending on the cell type and the physiological context, nuclear movement is regulated by very 
different mechanisms. Dynamic MTs, dynein and the Par/PKC pathway are involved in keeping 
MTOC immobile with respect to the moving nucleus. Cdc42 and its effector myotonic dystrophy-
related Cdc42-binding kinase (MRCK) are also necessary for the rearward nuclear movement that 
generates MTOC reorientation. Besides, nuclear positioning is determined by MT and actin network, to 
which the nucleus can directly tether through the linker of nucleoskeleton and cytoskeleton (LINC) 
complex proteins and by retrograde flow of actin fibers generated at the leading edge. However, the 
mechanisms controlling the relative positioning of the nucleus and the centrossome are still not fully 
understood and requires further studies, specially related to the pathways involved [Etienne-
Manneville, 2013; Hale et al., 2011; Özkucur et al., 2014]. 
Furthermore, Golgi apparatus polarization is an important feature of cell polarization as it plays 
an important role in anterograde supply for membrane components to the leading edge for membrane 
protrusion and perhaps actin regulatory factors towards the leading edge. GA might act as a signalling 
platform, integrating extracellular signals cues and thereby participating in the regulation of 
downstream events of directional cell migration [Gomes et al., 2005; Yadav et al., 2009]. Src and PI3K 
are activated in the cathodal side and mediate the cathodal polarization of the GA. This polarized 
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cascade results in actin polymerization and membrane protrusion at the leading edge and myosin II 
redistribution to the rear. Cathodal redistribution of Golgi and actin are interdependent, as inhibition of 
actin polymerization completely inhibited Golgi polarization, and inhibition of Golgi redistribution 
abrogated the polarization of cell morphology and F-actin, as observed in the work of Pu and Zhao 
(2005). Recent observations have pointed to the Golgi complex as a site of microtubules nucleation; it 
is fundamentally asymmetric with cis-median-trans polarity axis. In general, the cis compartment is 
close to the centrossome, while the trans compartment faces the periphery. Thus, Golgi membranes are 
largely confined to a region surrounding the MTOC and the positioning of the MTOC and its aster of 
MT largely determines the positioning of the GA. Besides, it contributes to the asymmetry of the MT 
network [Cao et al., 2011; Etienne-Manneville, 2013; Pu and Zhao, 2005]. Even though it has been 
shown that GA preferentially locates facing the leading edge during migration, a recent study clearly 
showed that its position depends on geometrical constraints [Millarte and Farhan, 2012; Pouthas et al., 
2008]. Further studies are necessary to investigate the participation of Golgi apparatus in the 
polarization of photoreceptor-like cells and how its repositioning is controlled. 
5.5. MITOCHONDRIAL MEMBRANE DEPOLARIZATION NOT LINKED TO CELLULAR 
DEATH WITH CONSEQUENT INCREASE IN [CA
2+
]mito 
JC-1 staining revealed an increase in the fluorescence intensity of 661W cells in the presence of 
an applied dcEF, indicating an increase in active mitochondria and a decrease of the mitochondrial 
membrane potential (MMP) on the photoreceptor-like cells. Moreover, mitochondrial membrane 
depolarization concentrated in the cathodal side of the cells, what could be associated with a higher 
energetic demand for the formation of protrusions and cathodal migration. We also showed that 
[Ca
2+
]mito was increased in cells under dcEF exposure, mainly in the anodal side of the cells. Control of 
energy metabolism by increase of mitochondrial matrix [Ca
2+
] may represent a fundamental 
mechanism to meet the ATP demand imposed by a cell in movement. Mitochondria membrane 
depolarization results in a rise in [Ca
2+
]cito in all cells recently studied by Szalai et al.. Besides, the 
release from intracellular stores and generation of Ca
2+
 microdomains might activate and energize 
nearby mitochondria for the metabolic demand in the leading edge. The energy-producing 
mitochondria need to redistribute to those regions of the cell with greatest energy demands. 
Lamellipodia formation is dependent on the reorganization and reassembly of the actin cytoskeleton, 
which needs an abundance of ATP [Keil et al., 2011; Szalai et al., 2000; Zhao et al., 2013]. 
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Mitochondria utilize oxidizable substrates to produce a membrane potential in the form of a 
proton gradient across the mitochondria inner membrane. The MMP can be decreased by several 
mechanisms and it is proposed to occur due to the opening the permeability transition pores. The 
decrease in the mitochondrial calcium has been associated to mitochondrial membrane depolarization. 
Moreover, a recent study showed that changes in the microtubules dynamic (polymerization / 
depolymerization) affects directly the potential of mitochondria membrane. Maldonado et al. showed 
that tubulin (the heterodimeric subunit of microtubules) binds to mitochondria specifically at the 
voltage-dependent anion channel (VDAC); because of it, microtubule depolymerization leads to partial 
mitochondrial depolarization, whereas decrease of free tubulin (microtubule stabilization) promotes 
mitochondrial hyperpolarization [Maldonado et al., 2010]. 
The decrease of mitochondrial membrane potential occurred preferentially in the cathode side, 
where less mitochondrial calcium was accumulated. Conversely, it was shown in other works that 
mitochondrial calcium accumulation precedes depolarization of the mitochondrial membrane. 
Extensive mitochondrial calcium uptake and extrusion might dissipate MMP, thereby decreasing the 
proton motive force and reducing ATP synthesis [Kovacs et al., 2005; Wiel et al., 2014]. Although 
mitochondrial calcium plays a crucial role in mitochondrial metabolism, some mechanisms concerning 
mitochondrial calcium regulation are still unknown, especially how mitochondrial calcium couples 
with cytosolic calcium [Chen et al., 2011; Iguchi et al., 2012]. Studies focused on the cytosolic calcium 
and its interaction with mitochondrial calcium should be performed in future works. 
In addition of being the source of energy that supports life under aerobic conditions, 
mitochondria can also be the source of signals that initiates apoptotic cell death. Mitochondria contain 
key regulators of caspase, a family of proteases that are major factor in many apoptotic processes. The 
release of cytochrome C from the mitochondria intermembrane space induces the assembly of the 
apoptosome that is required for activating downstream caspases. Cytochrome C release from 
mitochondria is a key event in initiating apoptosis. Even though mitochondrial membrane 
depolarization occurs in a variety of apoptotic systems, the relation between the MMP decrease and the 
initiation of apoptosis remains unclear. Thus, decrease of MMP is not necessaryly linked to apoptosis 
[Bortner et al., 2001; Bortner and Cidlowski, 1999; Gottlieb et al., 2003]. For the photoreceptor-like 
cells, the loss of mitochondrial membrane potential might not be associated to apoptosis. Using 
viability assays, it was shown that death rate was not significant for the 661W cells in the presence of 





Even though there is large literature concerning to migration of different cell types in presence 
of dcEFs, little is known about the specific behavior of photoreceptor-like under dcEF, especially 
regarding to polarization and migration. In this work we explored the macroscopic effects of dcEF in a 
mouse retinal cell line 661W, known as standard model for photoreceptors behavior. Besides that, we 
also submitted primary-photoreceptor-like cells (showed in the Appendix B) to dcEF in order to 
observe the main effects in polarization. We have demonstrated that the establishment of 
photoreceptor-like cell polarity and the polarization of intracellular structures are regulated by an 
extracellular electrical cue. For that, we showed that, in the presence of an applied dcEF, 661W cells 
got elongated and migrated in the direction of the cathode, and also that migration parameters (speed, 
displacement, directedness) were increased in the cells under dcEF. We also showed decrease in the 
plasma and mitochondrial membranes due to application of dcEF that occurred mainly in the leading 
edge of the cells. Moreover we showed some changes in the morphology of such cells, especially 
related to movement of cytoskeleton proteins (Actin, Microtubules, Microtubule-Organizing Center) 
that might have affected the movement of the organelles (Golgi apparatus and Nucleus) within the cell. 
Primary photoreceptor cells showed anode-directional movement during EF exposition and, in 
addition, they became polarized towards the cathode, indicating that dcEF can possibly induce 
photoreceptor outer segment to grow toward the cathode in culture. 
This study extended an understanding of the mechanism of the dcEF-directed 661W cell 
migration, which depends on plasma and mitochondrial membrane depolarization and an induced 
polarization of actin cytoskeleton and microtubules with subsequent polarization of nucleus, MTOC 
and GA. By modulating the membrane potential of these cells would be possible to control cell 
proliferation, important for tissue engineering and for regenerative medicine. The present study 
highlighted the possibility of using applied dcEFs as a cue to direct photoreceptors cells to growth 
towards the damaged tissue in the many devastating eye diseases that involves degeneration of 
photoreceptors. Besides, the understanding of the regulations mechanisms from the cell migration due 
to the presence of an applied dcEF might open new avenues for other kind of therapeutic approaches, 
as the loss of the regulation of the migration machinery can deleteriously manifest as disease allowing 




6.1. FUTURE WORKS 
This work was focused on the investigation of the macroscopic effects of an applied dcEF on 
the polarization and migration of photoreceptor-like cells and on the study of metabolic and 
morphological changes on the migrating cells. Studies focused in the downstream cellular effector 
mechanisms must be carried on in order to evaluate the specific signalling pathways involved in the 
transduction of Vm in the polarization and migration of the 661W cells. Moreover, studies in the 
microscopic domain must be performed in order to indentify all the specific proteins and channels 
involved in the photoreceptor-like cells polarization and migration to evaluate (1) the participation of 
the actin cytoskeleton and microtubules in the polarization of the 661W cells, especially to show the 
crosslink between these two proteins during the polarization and migration of the cells and how they 
work to reposition the MTOC; (2) the mechanisms controlling the relative positioning of the nucleus 
and the centrossome; (3) the participation of Golgi apparatus in the polarization of photoreceptor-like 
cells and how its repositioning is controlled; (4) the calcium participation in the photoreceptor-like cells 
polarization and migration, as the type of calcium channels involved and the correlation between 
intracellular calcium and cell migration is still unclear; (5) the interaction of cytosolic calcium with 
mitochondrial calcium. Many signalling pathways and downstream effector mechanisms have already 
been studied for different types of cells. But the mechanism specifics for the photoreceptor cells are 
still unclear. 
This study can also be extended for other cell types involved in degenerative diseases to 
investigate the effects of wound healing and regeneration of the applied electric field. Studies involving 
application of an external electric field are also important to investigate mechanism of stopping the 
cancer initiation and progression. 
Besides, further studies involving the use of primary photoreceptor cells are necessary in order 
to understanding their behavior during polarization and migration, especially regarding the possibility 
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APPENDIX A – Real-time measurements of the plasma membrane potential 
In another approach to measure the plasma membrane potential on real-time, we used the 
software Xcellence (Olympus, Germany). At the beginning of each microscope experiment, for each 
cell, at least 4 regions of interest (RoI) were chosen in the DIC images and the temporal variations of 
the fluorescence intensity in each of these RoIs were automatically measured. The CCD camera 
provides images of 4096 grey values per RGB channel and the resolution of black-and-white 
acquisition mode is restricted to 1024×768 pixels.  
 
Figure A1 – Real-time measurements of membrane potential in the presence (A,B) or absence (C,D) of an applied dcEF. A 
and C show the definition of the RoIs; B and D show the temporal variation of the fluorescence intensity. Images are 
representative of 20 experiments. Scale bar 0.02 mm. 
Figure A1 shows the selection of the RoIs on the 661W cells and the temporal variations of the 
fluorescence intensity (Gray-value) for control and EF-exposed cells. Control cells exhibited slight 
variations of fluorescence intensity curves along the time, while the cells exposed to dcEF showed 
100 
significant changes of fluorescence intensity profile, indicating an increase in depolarization of the cells 
membrane after dcEF-stimulation. 
Figure A2 shows one example of the fluorescence intensity profile from DiBAC4(3) kinetics of 
control and dcEF-exposed cells, showing the variations of the membrane potential along the time. dcEF 
was applied after 2 min (120 s) of running experiment, after the fluorescence intensity curve reached 
the steady state. 
Even though the fluorescence phenomenon appears to be almost instantaneous with current 
instrumentation, there is still a relatively long timeframe between absorption of a photon and the 
emission of a second photon by a fluorophore. Steady state or time-resolved interpretations of the 
spectral properties of intrinsic and extrinsic fluorophores can be used to evaluate diverse parameters 
involved in fluorescence techniques: changes in absorption and emission spectra, quantum yield, 
lifetimes, quenching, photobleaching, anisotropy, energy transfer, solvent effects, diffusion, complex 
formation, and a host of environmental variables [Herman et al., 2012]. Moreover, the charged dye 
molecule takes time to accumulate or disperses within the membrane, in proportion to the charge on the 
membrane. 
We can see that the fluorescence intensity increased significantly after few seconds of dcEF 
application. 
Figure A2 – DiBAC4(3) kinetics in presence (green) and absence (black) of persistent directional dcEF, representing the 
elevation of the plasma membrane potential immediately after the application of electric field (at 120 s) on the 661W cells. 
Red line represents the background. Vm kinetics were generated from the selected RoI during the time-lapse recording of the 










































The amplitude of the elevation in the fluorescence intensity profile was calculated from the 
baseline and was significantly higher in the dcEF-exposed cells (882.7 ± 32.3, Ncell = 300, N = 20) than 
in the control cells (211.0 ± 14.1, Ncell = 300, N = 20). This measurement is related to the percentage of 
increase in the curve of fluorescence intensity and can be used to show how the dcEF affects the 
fluorescence intensity of that region. 
Figure A3 – Different values of elevation for different regions of the cells. Higher values of elevations were found at the 
leading edge of the cells. Vertical axis represents the elevation value for each of the 19 different RoIs at the rear and front 
edges of the cells. 
No significant elevation was observed in the control experiments while significant increasing in 
the EF-exposed cells was shown immediately after application of dcEF. As higher the elevation value 
is, more depolarized is the region. Such increase varied in the different regions of the cells, and seems 
to be higher at the leading edge of the cells compared to the rear edges, as we can see in Figure A3.  
Figure A4 – DiBAC4(3) fluorescence intensity average measured along the time by the software Cell^R coupled to 
the microscope. N = 17, number of RoIs = 300. **p << 0.01 in relation to control, ns = not significant. The values were 
normalized by control (control = 1) and means ± s.e.m. were plotted. 
The average of fluorescence intensity (gray-values) between all RoIs along the time was 
calculated. Results show an increase in depolarization of cells membrane exposed to dcEF of short 























































duration (30 min) compared to control cells. The change in depolarization of cells exposed to dcEF of 
long duration (after 5 h) was not significant (Figure A4). 
Fluorescence intensity average from real-time measurements of from different RoIs was made 
automatically using the software Cell^R. Even though the area of the selected RoIs was not exactly the 
same, the results showed that the average area of groups control and 5 h 5 V/cm did not have 
significant differences (Figure A5).  
Figure A5 – Normalized area of RoIs. Comparison between the averaged area of RoIS for the groups Control and dcEF. N 
= 200. **p << 0.01 in relation to control, ns = not significant. The values were normalized by control (control = 1) and 
means ± s.e.m. were plotted 
  



















APPENDIX B – Primary-photoreceptor cells polarization 
To complement the results achieved with the cell line 661W, primary photoreceptor cells were 
extracted, cultivated and also exposed to dcEF to assess the main effects regarding polarization. 
B.1 Extraction and cultivation of primary cells 
We used Rho-GFP and wild-type young mice from P1 to P21 (1 day old to 21 days old pups). 
After sacrifing the pups, the eye cups were dissected and the retina was removed, as shown in the 
Figure B1. The retina segments were isolated from the lateral side of the eye bulb. 
Figure B1 – Some steps from the isolation of retina: cut, removal of the lens and extraction of the retina (modified from 
Maged et al., 2011). 
A needle was used to make a hole at the lateral of the extirpated eye cup to relief the tension and 
make space for a scissor. The optic nerve was used to hold the eye cup. From the hole, we used a 
scissor to make a cut around the eye into the sclera. A forceps was used to remove the lens, and from 
the opened eye, the retina was gently removed from the underlying pigment epithelium. The retina 
usually stayed intact. 
The dissected retinas were placed in 1 ml papain solution and incubated at 37 ºC in a rocker 
platform for 30 min for dissociation. The cells were added to 2 ml of a solution composed of medium, 
ovomucoid and DNAse, inhibiting the effect from papain, according to the Papain Dissociation System 
(Worthington Biochemical Corp.). Then, cells were centrifuged for 8 min 1,300 rpm and resuspended 
with medium. The mixture were triturated many times using a fire-polished glass pipette and then 
centrifuged again, and finally resuspended in DMEM medium (containing 5 mM HEPES, 2 mM L-
glutamine, 2% B27 supplement, 100 units/100 g/mL penicillin/streptomycin, 1% NCS, 20 ng/mL 
FGF2, and 5 g/mL heparin) in a desired concentration. Cells were seeded in polylysine-laminin-coated 
μ-slides and then incubated for later experiments. 
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B.2. Results on cell polarization 
The isolated primary photoreceptors (Figure B2) were seeded in μ-slides coated with PLL and 
laminin, and afterwards incubated for 2 to 4 hours prior each experiment. Primary cells were submitted 
to dcEF of physiological strength and observed under the microscope. Considerable movement was 
shown in the anode direction (data not shown). Primary photoreceptor cell migrated in a higher speed 
rate when compared to the 661W cell line. However, previous works using frog photoreceptors showed 
that the cells do not change their shape and do not migrate to the poles, they just orient along the field if 
in the range of 1 to 10 V/cm. In that case, cells polarity was even more obvious in the intact retina 
where all the rods tips bend to the negative electrode [Pologea-Moraru et al. 1998]. 
Rho-GFP and wild-type mice were exposed to an applied dcEF. For Rho-GFP extracted cells 
were observed after dcEF application. The GFP-green fluorescence accumulated on the edges of the 
cells (Figures B4 and B5). Moreover, the green fluorescence marker was accumulated at the cathodal 
edge of the treated-cells. 
 
Figure B2 – Photoreceptors primary cells extracted from Rho-GFP mice. Scale bar 0.1 mm. 
Whereas, control (Figure B3) showed random distribution of the green fluorescence protein 
within the membrane. Amplification of some cells was used to highlight the accumulation of the 






Figure B3 – Control primary cells from Rho-GFP mice.  Green fluorescence proteins are randomly distributed around the 
membrane. Scale bar 0.02 mm. 
 
Figure B4 – Primary cells from Rho-GFP mice submitted to 5 h 5 V/cm. The green fluorescence proteins accumulated in 




Figure B5 – Another example of primary cells from Rho-GFP mice exposed to 5 h 5 V/cm to highlight the accumulation of 
the green fluorescent proteins in the cathodal side of the cells. Scale bar 0.02 mm. 
For wild-type mice, cells were stained with DiBAC4(3) for membrane potential variations. 
Figure B6 shows examples of (A) control and (B) dcEF-exposed amplified cells. One can see 
distribution of the dye all around the membrane from the control cell, while the dye was accumulated at 
the cathode side of the dcEF-exposed cell. Figure B7 shows the results for flow cytometry analysis. 
dcEF-exposed cells membrane became more hyperpolarized compared to control cells. Even though 
the effect on the plasma membrane from primary photoreceptor cells was opposite to the effect on the 
photoreceptor-like model cell line, hyperpolarization of cells membrane occurred in other kind of 
primary cells. 
Figure B6 – Primary cells stained with DiBAC4(3) for membrane potential. (A) Group control, (B) EF-stimulated cells. 
Scale bar 3 µm. 
GFP and DiBAC4(3) accumulation on the leading edge of the dcEF-exposed cells indicates a 
possible polarization of the primary photoreceptor cells. Such polarization could be pointing to an early 
signal of regeneration on the photoreceptors cells. Further studies involving the use of primary 
photoreceptor cells are necessary in order to understanding their behavior during polarization and 






Figure B7 – Flow cytometry analysis using DiBAC4(3) dye show a decrease in the fluorescence intensity for dcEF-treated 
cells compared to control, indicating hyperpolarization of the primary cells as a consequence of exposition to dcEF. (A) The 
single histogram is a representative example from original FACS measurements showing fluorescence intensity of 
DiBAC4(3) in the presence and absence of an applied dcEF; (B) Bar diagram showing the mMean DiBAC4(3) fluorescence 
intensity. N = 5, Ncell = 50,000. **p << 0.01 in relation to control. The values were normalized by control (control = 1) and 




APPENDIX C – Voltage×time 
Although endogenous electric fields are widely described in literature, the electric field strength 
threshold was tested in the 661W cells before deciding for which electric field strength and also which 
time period to use to stimulate the photoreceptor-like cells. We tested the electric field strengths of 
3 V/cm, 5 V/cm and 8 V/cm, and time periods of 1 h, 3 h and 5 h. We verified that 3 V/cm is the 
threshold for electric field strength. At lower field strength the response became less evident or null. 
The optimal field strength to stimulate the cells was found to be 5 V/cm, with maximal migration 
effects (speed, displacement and directedness). Even thought a similar effect was found with 8 V/cm, 
this was the limit in which the cells start dying. 
Cells start migrating few minutes after the stimulation. Nevertheless, some effects, such as 
membrane depolarization and organelles repositioning are inherently related to longer time of 
stimulation, the reason why we decided to limit the period to 5 h. Again, at shorter periods of 
stimulation the response was less pronounced. 5 h was found to be the threshold after which the cells 
start dying. Table 1 shows the function voltage versus time, on which the maximal effect of electric 
field is seeing in the dark color and the effect become less evident as the colors become brighter. Red 
color is showing the threshold on which the cells die. 
Table 1 – Function voltage×time. 
 
1 V 3 V 5 V 8 V 
1 h     
3 h     
5 h      





APPENDIX D – Plasmids 
This section shows the basic plasmid vector configuration of the recombinat plasmids used in 
the transfection experiments. 
D.1. Mito-GCaMP2-pcDNA3.1 
The Mito-GCaMP2-pcDNA3.1 targeting sites and the DNA expression vector structure and 
sequences: 
 
A AGCTT (HindIII) GCC ACC ATG GGA CTG AGC CTG CGC CAG AGC ATC CGC TTC 
TTC AAG CGC AGC GGC ATC GGG TCT GCA G GATCC (BamHI) atgcggggtt ctcatcatca 
tcatcatcat ggtatggcta gcatgactgg tggacagcaa atgggtcggg atctgtacga cgatgacgat aaggatctcg ccaccatggt 
cgactcatca cgtcgtaagt ggaataagac aggtcacgca gtcagagcta taggtcggct gagctcactc gagaacgtct atatcatggc 
cgacaagcag aagaacggca tcaaggcgaa cttcaagatc cgccacaaca tcgaggacgg cggcgtgcag ctcgcctacc 
actaccagca gaacaccccc atcggcgacg gccccgtgct gctgcccgac aaccactacc tgagcaccca gtccaaactt tcgaaagacc 
ccaacgagaa gcgcgatcac atggtcctgc tggagttcgt gaccgccgcc gggatcactc tcggcatgga cgagctgtac aagggcggta 
ccggagggag catggtgagc aagggcgagg agctgttcac cggggtggtg cccatcctgg tcgagctgga cggcgacgta 
aacggccaca agttcagcgt gtccggcgag ggtgagggcg atgccaccta cggcaagctg accctgaagt tcatctgcac caccggcaag 
ctgcccgtgc cctggcccac cctcgtgacc accctgacct acggcgtgca gtgcttcagc cgctaccccg accacatgaa gcagcacgac 
ttcttcaagt ccgccatgcc cgaaggctac atccaggagc gcaccatctt cttcaaggac gacggcaact acaagacccg cgccgaggtg 
aagttcgagg gcgacaccct ggtgaaccgc atcgagctga agggcatcga cttcaaggag gacggcaaca tcctggggca 
110 
caagctggag tacaacacgc gtgaccaact gactgaagag cagatcgcag aatttaaaga ggctttctcc ctatttgaca aggacgggga 
tgggacaata acaaccaagg agctggggac ggtgatgcgg tctctggggc agaaccccac agaagcagag ctgcaggaca 
tgatcaatga agtagatgcc gacggtaatg gcacaatcga cttccctgag ttcctgacaa tgatggcaag aaaaatgaaa gacacagaca 
gtgaagaaga aattagagaa gcgttccgtg tgtttgataa ggatggcaat ggctacatca gtgcagcaga gcttcgccac gtgatgacaa 
accttggaga gaagttaaca gatgaagagg ttgatgaaat gatcagggaa gcagacatcg atggggatgg tcaggtaaac tacgaagagt 
ttgtacaaat gatgacagcg aagtga  
D.2. pAcGFP1-Actin Vector Information 
The pAcGFP1-Actin Vector targeting sites and the DNA expression vector structure: 
 
pAcGFP1-Actin encodes a green fluorescent protein (GFP) from Aequorea coerulescens 
(excitation maximum: 475 nm; emission maximum: 505 nm) and the gene encoding human 
cytoplasmic β-actin. SV40 polyadenylation signals downstream of the AcGFP1-actin fusion direct 
proper processing of the 3' end of the AcGFP1 mRNA. AcGFP1 contains silent mutations that create an 
open reading frame comprised almost entirely of optimized human codons. These changes increase the 
translational efficiency of the AcGFP1 mRNA and consequently the expression of AcGFP1 in 
mammalian and plant cells. The vector backbone also contains an SV40 origin for replication in any 
mammalian cell line that expresses the SV40 T-antigen. A neomycin resistance cassette (Neor), 
consisting of the SV40 early promoter, the neomycin/kanamycin resistance gene of Tn5, and 
polyadenylation signals from the herpes simplex virus thymidine kinase (HSV-TK) gene, allows stably 
111 
 
transfected eukaryotic cells to be selected using G418. A bacterial promoter upstream of this cassette 
drives expression of the gene encoding kanamycin resistance in E. coli. The pAcGFP1-actin backbone 
also provides a pUC origin of replication for propagation in E. coli and an f1 origin for single-stranded 
DNA production. 
The pAcGFP1-actin vector expresses the AcGFP1-actin fusion protein in mammalian cells. The 
protein is incorporated into growing actin filaments and allows for visualization of actin-containing 
subcellular structures in living and fixed cells. This vector is not intended to be used as a cloning 
vector; however, unique restriction sites at the 5' end of AcGFP1, and between AcGFP1 and the β-actin 
open reading frame, allow excision or insertion of DNA. pAcGFP1-actin can be transfected into 




APPENDIX E – Statistics results 
Different methods were used on MATLAB to calculate the statistics of data with normal or non-
normal distribution. ANOVA and Kruskal-Wallis were used for normal and non-normal data, 
respectively. Multiple comparisons of means or means ranks were conducted for each method. The 
multiple comparison tests show which groups are different (which means differ from each other). 
Confidence intervals were set to 99% (α << 0.01) and Bonferroni corrections were made post hoc. 
E.1. Normal distribution: ANOVA with Bonferroni corrections 
Multiple comparison of means is shown for each set of data studied. The results show an 
interactive graph of the estimated and comparison intervals. Each group mean is represented by a 
symbol, and the interval is represented by a line extending out from the symbol. Two group means are 


























E.2. Non-normal distribution: Kruskal-Wallis 
Multiple comparisons of mean ranks are shown for each set of data studied in each kind of 
analysis. Here the symbol represents the mean ranks, and the interval is represented by a line extending 
out from the symbol.  Again, two group means are significantly different if their intervals are disjoint; 











APPENDIX F – Complementary table 
The statistical information (mean, s.e.m. and N) of all data shown in a graphic form in the 
results section is now shown in a table format (table 2) without the normalization by the control. 
Table 2 – Complementary table containing the statistical information (mean, s.e.m. and N) of all experiments. 
Parameters Mean s.e.m. N / Ncell 
Displacement Control (µm) 47.5 2.4 10 / 125 
Displacement 3 V/cm (µm) 79.9 4.2 10 / 125 
Displacement 5 V/cm (µm) 111.4 2.6 10 / 125 
Speed Control (µm/h) 9.3 0.5 10 / 125 
Speed 3 V/cm (µm/h) 16.1 0.9 10 / 125 
Speed 5 V/cm (µm/h) 22.6 0.5 10 / 125 
CoM displacement Control (µm) 46.3 2.9 10 / 125 
CoM displacement 3 V/cm (µm) 82.1 3.2 10 / 125 
CoM displacement 5 V/cm (µm) 103.7 3.7 10 / 125 
DiBAC4(3) FC Control (a.u.) 18.7 0.9 40 / 150,000 
DiBAC4(3) FC Gramicidin (a.u.) 54.8 3.8 40 / 150,000 
DiBAC4(3) FC 30 min (a.u.) 39.3 2.9 40 / 150,000 
DiBAC4(3) FC 5 h (a.u) 20.0 0.8 40 / 150,000 
DiBAC4(3) FM Control (a.u.) 251.2 8.6 4 / 50 
DiBAC4(3) FM Gramicidin (a.u.) 401.9 9.2 4 / 50 
DiBAC4(3) FM 30 min (a.u.) 305.3 14.0 4 / 50 
DiBAC4(3) FM 5 h (a.u.) 249.9 10.3 4 / 50 
DiBAC4(3) accumulation Control (%) 50.0 0.9 4 / 50 
DiBAC4(3) accumulation 5 V/cm (%) 57.7 1.8 4 / 50 
JC-1 FC Control (a.u.) 0.272 0.011 40 / 150,000 
JC-1 FC CCCP (a.u.) 0.160 0.006 40 / 150,000 
JC-1 FC 5 V/cm (a.u.) 0.222 0.007 40 / 150,000 
JC-1 FM Control (a.u.) 0.611 0.022 4 / 50 
JC-1 FM CCCP (a.u.) 0.210 0.009 4 / 50 
JC-1 FM 5 V/cm (a.u.) 0.522 0.024 4 / 50 
JC-1 accumulation Control (%) 50.3 1.7 4 / 50 
JC-1 accumulation 5 V/cm (%) 57.6 1.4 4 / 50 
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Mito-calcium total Control (a.u.) 39.9 0.4 4 / 50 
Mito-calcium total 5 V/cm (a.u.) 51.4 0.6 4 / 50 
Mito-calcium accumulation Control (%) 49.7 0.7 4 / 50 
Mito-calcium accumulation 5 V/cm (%) 63.9 3.8 4 / 50 
Nucleus polarization Control (%) 50.6 0.7 4 / 400 
Nucleus polarization 5 V/cm (%) 66.8 0.4 4 / 400 
Golgi polarization Control (%) 50.0 0.8 4 / 100 
Golgi polarization 5 V/cm (%) 60.3 0.9 4 / 100 
MTOC polarization Control (%) 51.6 0.8 4 / 450 
MTOC polarization 5 V/cm (%) 69.8 1.2 4 / 450 
Actin polarization Control (%) 50.0 0.8 4 / 100 
Actin polarization 5 V/cm (%) 57.5 0.8 4 / 100 
MT polarization Control (%) 49.8 1.0 4 / 100 
MT (1h) polarization 5 V/cm (%) 52.4 0.5 4 / 100 
MT (5h) polarization 5 V/cm (%) 58.7 1.8 4 / 100 
DiBAC4(3) Cell^R Control (a.u.) 534.1 36.0 17 / 300 
DiBAC4(3) Cell^R 30 min (a.u.) 702.6 41.5 17 / 300 
DiBAC4(3) Cell^R 5 h (a.u.) 532.6 45.3 17 / 300  
Area RoIs Control (pixel
2
) 1828.0 121.9 200 
Area RoIs 5 V/cm (pixel
2
) 1724.8 114.8 200 
Primary DiBAC4(3) FC Control (a.u.) 1136.9 44.2 5 / 50,000 
Primary DiBAC4(3) FC 5 V/cm (a.u.) 740.7 27.8 5 / 50,000 
